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3. Investigation of the reduction mechanism of SCCI 2 .

The rate capability of the spirally wound D cell previously developed by

us has been optimized for both the manpack radio (BA5590) battery and GLLD

laser designator battery applications in this program. Cathode current collector

design was improved and a maximum short circuit current density of up to ,
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formance characteristics have been further determined under constant current
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No dangerous behavior was observed during these tests and during short cir-

cuiting. One hundred D cells of such design have been constructed and
delivered to the sponsor. .

In this program, a flat cylindrical cell has also been developed for the
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have been delivered to our sponsor.
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intrinsic safety of the system.%Cyclic voltammetry was used to investigate the
electrochemical reduction of Sc Ci 2 in various supporting electrolytes. It was
established that although the CI- ion was formed immediately, reaction products
such as S, S02 and $2Ci2 were not formed immediately upon SCC12 reduction.
Spectroscopic evidence obtained in our work indicated the possible formation of
at least two meta-stable intermediates resulting from the discharg; of SCCI 2 at
rbom temperature. In addition, it was found that exhaustive electrolysis of
SCC12 at a constant potential leads to the exhaustion of SOC12 but the latter
was regenerated on warming the solution. Information obtained in this work not
only elucidated the Li/SCd 2 cell reaction mechanism but also provided a new
approach to improve both the performance and the safety features of the system.
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1. Introduction

A. Background and Approach

The It/SOCI inorganic electrolyte system (1-4) is the highest energy
2

density system known to date. Energy densities as high as 20 Wh/in 3 and

300 Wh/lb have actually been realized in practical cells (4). The system con-

sists of a Li anode, a porous carbon cathode, and SOCi 2 which acts both as a

solvent and as a cathode depolarizer. As for the electrolyte salt, LiAICl has
4

been widely used. Compounds such as Li 2B1oCI0 (5) and Li 20 (ACI 3)2 (6) have

also been successfully used in this system for longer shelf life.

The main objective of this program is to develop high rate Li/SOCI cells
2

and batteries for portable applications of the U.S. Army. The cells and batteries

must deliver higher capacities than the ones presently available especially at

high discharge rates. Perhaps more importantly, these batteries must also

be safe to handle under a wide range of field conditions.

We have carried out a research and development program (7) previously

for the U.S. Army on the spirally wound high rate D cell. Substantial progress

was made to correct performance limitations and to improve safety features. The

performance characteristics and the abuse resistance of the sprially wound D

cell developed in that program has been well established and this cell was

found to approach the high rate requirements of the various U.S. Army applications

more closely than does any other cell design known at the time this program began.

Accordingly, we used this sprially-wound D cell as a starting point and attempted

to improve its rate capability in order to meet the requirements of two specific

applications, viz. the BA5590 Battery for Man Pack Radio and the battery for

the GLLD Laser Designator. The specifications and load requirements of these

two batteries are described in detail in the next section.

In addition, we have begun the development of a 3 inch diameter flat

cylindrical cell for the GLLD Laser Designator application because such a

design offers better heat generation and dissipation characteristics than the
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cylindrical spirally wound design due to the higher outer surface area to volume

ratio and low internal cell impedance. A 1.8 inch diameter spirally wound cylin-

drical cell design for the GLLD Laser Designator application was also developed

during the course of this program.

A parallel research effort was made in order to gain further understanding

of the cell discharge reaction mechanism, particularly with respect to the

unstable intermediates using both electrochemical and spectroscopic techniques.

We believe this knowledge is directly relevant to the improvement of the safety

features of the Li/SOC12 system in general.

This report summarizes all the activities carried out and the progress made

during the two year period.

B. BA5590 Battery/GLLD Laser Designator Battery

a. BA5590 Man Pack Radio Battery

The specifications of the above battery are as follows:

Dimension: 4.4" x 2.45" x 5.00"

Voltaqe: Nominal 12 or 24V

Maximum (OCV) 15 or 30V

Average 12.5 or 25V

End Voltage 10 or 20V

Capacity (at 700F): 10A.hr (30 hour rate)

Maximum Rate: 2 hour rate

Duty Cycle for 8A load for 100 msec followed by 39. load for

30 Volt Operation: 1 minute followed by 560A load for 9 minutes.

The above is repeated.

The presently used battery contains 10 Li/SO D cells (OCV 3.0 volt) in
2

series and parellel to meet the 15 and 30 volt requirements. It weighs 940 grams

with a service life of 80 hours on the above duty cycle. In view of the higher

OCV of the Li/SOCI 2 D cell only 8 spirally wound D cells are needed to satisfy

the voltage requirement. Therefore, it has been envisioned that the 8 Li/SOCI 2
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D cell package should provide both longer service life and significant weight

reduction.

b. GLLD Laser Designator Battery

The specifications for the GLLD Laser Designator Battery are as follows:

Dimension: 2.82" x 3.75" x 9.30"

Voltage: Nominal 24V

Maximum (OCV) 32V

Average 24V

End Voltage 20V

Old Duty Cycle: 17.5A for 35.5 msec followed by 1.8A for

14.5 msec and the cycle continues for 3 minutes.

This constitutes one burst (0.647 Ahr/burst).

The three minute cycle occurs every 30 minutes.

New Duty Cycle: 20A for 29 msec followed by 3.2A for 21 msec

and the cycle continues for 20 sec. This constitutes
one burst (0.072 Ahr/burst). The 20 sec cycle

occurs every 3 minutes.

Both duty cycles are shown schematically in Figure 1. The presently

used Ni/Cd batteries provide ,-1 .95 A.hr per charge.

The voltage requirements necessitates the use of at least 8 Li/SOCI
2

cells in series. We have considered the following types of individual cells

based on dimensional concerns:

1. 16 spirally wound D cells; 8 in series with the two series stacks

in parallel.

2. 8 cylindrical 1 . 8 inch diameter spirally wound cells in s eries.

3. 16 thin flat cells (3 in. O.D., 0.45" high); 8 in series with the

two series stack in parallel. (Figure 2).

4. 8 thick flat cells (3 in. O.D. 0.90" high) in series. (Figure 3).
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II. Optimization of Spirally Wound D Cell for

High Rate Applications

The cross-sectional view of a typical spirally wound hermetic Li/SOCl 2

D cell is schematically shown in Figure 4. We have developed two types of

spirally wound D cells, one for low rates using 10-15 inch long electrodes and

0.5M LiAICI 4 /SOCI 2 electrolyte and the other for medium rates having 20 inch

long electrodes and 1. OM LiACl 4/SOCI 2 electrolyte. The design details were

discussed elsewhere (7, 8). The energy density versus discharge current curves

for these two types of cells are shown in Figure 5. Typical discharge curves

of the low and medium rate cells are shown in Figures 6 and 7, respectively.

Note that the low rate cells were capable of delivering capacities of 18-19 A. hr

corresponding to energy densities of 20 Wnr/in 3 and 300 War/lb. The SOCI
2

utilization efficiency was estimated at 95-98% based on the following cell

reaction stoichiometry

4 Li + 2 SC12 - 4 LiCl + SO 2 + S

Therefore, these energy density levels represented the upper limits available

from this low rate spirally wound D cell package and we do not anticipate any

significant gain by additional effort to further improve the cell. The medium

rate cell, on the other hand, delivered constant energy densities of only

13 Wnr/in 3 and 190 War/lb at drain rates up to 1.OA. The energy densities

dropped sharply at discharge rate above 2.OA. The SOc 2 utilization efficiency

was only 70-75%. These energy density penalties at moderate discharge rates

stem from (a) lower operating voltage and (b) lower capacity or lower utilization

efficiency. The former is dependent upon the electrical conductivity of the

current collector (anode and cathode) and the electrolyte and the latter is

dependent upon the mass transfer (diffusion of active material) in the porous

carbon cathode which was the capacity limiting electrode.

We have experimentally determined the longitudinal reaction profile in

these cathodes by monitoring the LiCI content of the discharged cathodes as a
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function of length from the cathode tab onward. The results for 2A discharge,
at three different depths of discharge, are shown in Figure 8. Note that at

the early stages of discharge, (2.5 AHr and 5.4 AHr), most of the reaction

occurs near the tab. This demonstrates that at 2A and higher currents, the

electrical conductivity of the cathode grid controls the current distribution.

The higher the current, the greater the non-uniformity of the current distribution.

Therefore, our first task was to optimize the current collector design of the

cathode of the spirally-wound D cell. The choice of a proper electrolyte compo-

sition which provides the highest electrical conductivity across the range of

operating conditions would also improve the energy density levels somewhat.

Finally, efforts were focused on the optimization of the porous cathode structure

to maximize the utilization efficiency of the active cell materials.

A. Improvement of the Cathode Current Collector Design

For this study, we kept the cathode mix composition and the cathode

fabrication process invariant in order to keep the porosity of the carbon cathodes

identical for all the cathode collector designs. The carbon cathode consists of

an expanded Ni grid covered with Shawinigan Black + 10% Teflon mixture on both

sides of the grid. The selection of the above was made from the optimization

of the carbon mixture and the carbon types, carried out in our previous work

(9, 10).

a. Experimental

We chose to investigate two sizes of the cathodes, viz,

20" x 1.75" x 0.025" and 25" x 1.75" x 0.015". The various collector designs

studied are discussed below.

Design #1. One Tab on End Standard Design: This cathode

design consists of one tab welded vertically at one end of the 20" x 1. 75" cathode

strip as shown in Figure 9 (1). This is the standard design used in all the D cells

studied so far. The longitudinal reaction profiles shown in Figure 8 refers to

this design.

. .... ... .. • . ... . ... .. . ... . 7 i . .A. . .. . .. .. .. . I ' i . . I
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Design #2. One Tab in Middle Design: In this design the

one vertical tab is located at the center of the 20" x 1. 75" electrode as shown

in Figure 9 (2).

Design #3. Two Tab Design: In this design the two tabs are

placed in such a manner that the farthest points from both the tabs are identical

and are 5 inches away fro the 20" x 1. 75" cathode. A schematic view of the

cathode design is shown in Figure 9 (3). The total current is distributed evenly

between the two tabs.

Design #4. Horizontal Tab with Single Vertical Tab Design:

SI In this design one horizontal tab is welded on one side of the cathode along its

length and a vertical tab is welded at one end for connecting the cathode to the

cell terminal as shown in Figure 9 (4). In this design the maximum distance from

the tab is the width of the cathode and as such the current collection should be

most efficient.

Design #5. Horizontal Tab with Double Vertical Tab Design:

In this design, two vertical tabs, located 5 inches from either ends of the cathode,

were used in addition to the horizontal tab as above. The schematic view is

shown in Figure 9 (5).

Design #6. One Tab-Long Cathode Design: This design is

identical to the design 1, above, except that the cathode is 25" long (Figure 9 (6))

instead of 20" long.

Design #7. Horizontal Tab-Long Cathode Design: This design

(Figure 9 (7)) is identical to the design 4, above, except that the cathode is

25" long.

Design #8. Triple Tab-Long Cathode Design: In this design

three tabs were used, one located at the center and the other two were located

at either ends of the 25" long cathode. The schematic view is shown in

Figure 9 (8).

Hermetic D cells were made by winding the cathode, Li anode

and glass filter paper separator in Ni cans for evaluating the efficacy of the
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cathode on the rate capability of the cells. All the cells were filled with

1.8M LiAICI 4 -SOCI 2 electrolyte.

The tabs were 0. 002" thick and 0.25" wide and were folded

over the expanded Ni grid which was exposed by removing the carbon mix from

the grid area where the tabs were welded. Thus each tab consists of a double

layer of 0. 002" Ni foil.

* ISome other specific construction details of the D cells with

the various cathode designs are described below.

Design 1. Lianode dimension was 21" x 2" x 0.015"; one

tab was attached at one end of the anode.

Design #2. Li anode was identical to design 1.

* Design #3. Li anode was made by sandwiching expanded Ni

I current collector with a 0. 25" wide tab welded horizontally lengthwise between

two layers of 0.005" thick Li foil. Overall Li anode dimension was 21"x 2" x

0.010".

Design #4. Li anode was identical to design 1. The horizontal

tab on the cathode was attached by welding two layers of the 0. 25 inch wide tab

on either side of the expanded Ni grid which was stripped of the carbon mix.

The edge of the thin horizontal tab was very sharp and it cut through the separator

to cause the cells to short during assembly. In order to prevent this, a thin

Teflon film was folded over the horizontal tab of the cathode. This made the

fabrication of these cells quite cumbersome.

Design #5. The Li anodes were similar to those of design 3

and the fabrication of these cells was as difficult as in design 4.

Design #6. The Li anode dimensions were 26" x 2" x 0.01",

and it had one set of vertical tabs at one end of the anode as in design 1.

Design #7. The Li anode dimensions were 26" x 2" x 0.01"

and it had expanded Ni current collector with 0.25" wide Ni tab welded hori-

zontally, similar to that used in design 3. The cathode was covered with Teflon

film over the horizontal and vertical tab areas.
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Design #8. The Li anode was identical in construction to

that of design 7. The construction of these cells was considerably easier

than that of cells of design 7 because of the absence of the horizontal tab.

The polarization characteristics at currents below 17. 5A

were determined using a constant current discharge method and all the

short circuit currents were measured through a lmilliohm shunt at 25 0 C for hermetic

D cells made according to the above designs. The results will be used to

select the promising cell designs for detailed performance evalw tion according
to the requirements of the BA5590 and the GLLD Laser Designator Batteries.

b. Results and Discussion

The electrical resistance of the 2" wide Li anode was calculated

to be 0.113 and 0. 169 milltohm/inch for 0.015" and 0.01" thick foils respectively,

using the 8.6 x l0 6 ohm-cm as the resistivity of LI metal. The electrical re-

sistance of two layers of the 0. 25 inch wide and 0. 002 inch thick Ni foil was

calculated to be 2.677 mlltohm/inch using 6.8 x lO- 6 ohm-cm as the resistivity

of Ni. The electrical resistance of the 1.75 inch wide expanded Ni was experi-
mentally determined (Figure 10) to be approximately 14.4 mlllbhm/inch. In

Figure 10 the electrical resistance at zero length represents the resistance of

the tab. The cathode grid resistance was two orders of magnitude higher than

the electrical resistance of the Li anode. Once again, it is demonstrated that

the cathode current collector design is a controlling factor in the discharge of

the cells at high rates. The Li anode current collector is relatively less important

insofar as the short circuit current and the current distribution at high currents

are concerned but it becomes more important insofar as the efficiency and uni-

formity of Li utilization are concerned.

The polarization characteristics of the hermetic D cells with

20" long cathodes of various current collector designs are shown in Figure 11.

Note that significant improvements in the polarization characteristics of the

cells have been achieved over the standard cathode designs by designs #2 to

#5. While the best performance was obtained with design #3, there was no

LA
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significant difference between designs #2, #4 and #5. Note that design #2 is the

simplest of all the designs and consists of a vertical tab located at the middle

of the cathode strip as opposed to the end of the cathode strip. The cumbersome

construction of cells with cathodes having horizontal tabs as in design #4 and

#5 as well as the lack of any substantial improvement in performance over the

simpler design #2, lead us to eliminate designs #4 and #5 from further considera-

tion. The cells of design #3 consisting of two horizontal tabs performed best

among the cells with 20" long cathodes 4ccordingly, both design #2 and #3

were selected for further studies.

The polarization characteristics of hermetic cells with 25"
long cathodes are shown in Figure 12. Note that significant improvements were

realized with three tab designs over the single tab designs. The horizontal

tabs (design #7) showed some improvement, but the difficulty in cell construction

leads us to reject it from further consideration. The three tab design was found

to be easier to construct and the cells performed the best. Therefore, we chose

design #8 for further evaluation.

The maximum short circuit currents of the hermetic D cells made

with the various types of cathodes are shown in Table 1. The short circuit

current densities were calculated using the apparent geometric areas of both

sides of the cathodes. The short circuit current increased by a factor of three

from design #1 to design #2 by placing the tab at the middle instead of at the

end. Use of two tabs as in design #3 led to a four-fold increase in the short

circuit current over that of the standard design #1. The use of a horizontal tab

(design #4) only led to a modest increase in the short circuit current which

may be due to the reduction (by 14%) of the active area of the cathode. The

short circuit current of cathode with both horizontal and two vertical tabs

(design #5) was found to be similar to that of the cathodes with only two vertical

tabs (design #3), indicative of the lack of any significant contribution of the

horizontal tabs. Therefore, designs #2 and #3 for the 20" long cathodes were

chosen for further studies in BA5590 and GLLD laser designator applications.

The short circuit currents of spirally wound D cells with 25"

long cathodes increased by a factor of two with a horizontal tab (design #7).
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It was also found that the short circuit current was further improved to

104 ampere with a vertical three tab design. Again, the three tab design

(design #8) was chosen for further studies.

c. Conclusions

An analysis of the impedance of the various cell components

and an analysis of the longitudinal cathode reaction profiles showed that the

impedance of the cathode current collector is a major contributor to the cell

impedance which leads to non-uniform current distribution and low current

carrying capability. Eight different cathode current collector designs were

investigated using hermetic D cells with wound electrode assembly. Based

on the polarization characteristics and the short circuit currents, three designs

were found to be promising and were selected for further evaluation. Short

circuit currents approaching 100A and current densities of 200 mA/cm 2 were

realized by the above approach.

B. Preliminary Performance Data of D Cells with Various Improved

Cathode Designs

We have demonstrated the importance of cathode current collector

design to the rate capability of the spirally wound D cells especially at high

discharge rates. It was noted that by simply placing the cathode tab in the

middle (referred to as design #2 in Figure 9) rather than at one end (design #1),

the short circuit current was found to increase from 53 to 168 mA/cm2 (Table 1).

In view of the simplicity of this cathode design and the substantial improvement

in performance, we chose this particular design for the spirally wound D cells

to be tested for BA5590 manpack radio battery as well as GLLD Laser Designator

Battery applications in order to obtain some preliminary performance data to

serve as a baseline.

a. Experimental

1. BA5590 Test

The specifications and duty cycles of the BA5590 battery

have been described in Section IBa. The presently used battery contains
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10 Li/SO2 D cells. It is envisioned that only 8 LI/SOCI 2 D cells are needed

because of the higher OCV (3.6V) of the Li/SOC 2 system.

Hermetically sealed D cells with 20 inch long cathodes

having one tab in the middle (design #2) were constructed and tested under

BA5590 load. Initially, single D cells were evaluated instead of the 8 cell battery

under a continuous prorated duty cycle; each cycle consists of a 1 a load for

100 msec. followed by a 5 n load for 1 min. and then followed by a 70 - load

for 9 min. For an 8 cell battery, the 30 volt duty cycle as stated in Section IBa

was used as the load. A mechanical timer and relay device was used to provide

both duty cycles in our tests.

2. GLLD Laser Designator Battery

The specifications and duty cycles (both old and new) have

been described in Section IBb. The voltage requirement necessitates the use

of at least 8 Li/SOC 2 D cells in series. The available volume is sufficient to

hold 16 D cells, two parallel stacks each consisting of 8 D cells in series. A

single D cell only experiences half the constant current loads listed in the

specifications.

Initially, a modified duty cycle was used to test D cells

on GLLD load. It involved the discharge of cells at an average current of

6.5A/cell (or 8A in some cases) for 3 minutes. This cycle was repeated every

30 minutes. This modified test consumes almost the same cell capacity

( 0.65 A.hr) per 3 minute burst as the specified "old" duty cycle.

The test equipment was specifically designed and con-

structed to conduct testing on the GLLD Laser Designator duty cycles specified

earlier. This test equipment was capable of drawing constant currents from the

cells at different levels for the desired time intervals down to a voltage of

approximately 0.8 volt through a microprocessor control method. At that point

the test automatically terminated thus preventing any force discharge on the cells.

This test is usually performed using two D cells in parallel instead of the entire

16 cell package.
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b. Results and Discussion

1. BA5590 Battery

One Li/SOCI 2 D cell of design #2 was tested under the

BA5590 load at 250C. The cell voltage versus time curves under the 70, 5, and

1 a loads are shown in Figure 13. This cell ran for 95 hours delivering approxi-

mately 10 Ahr in cell capacity.

Another D cell with identical cathode design was tested at

J 0°C under the same duty cycle. The voltage versus time curves under the 70,

5, and 1a loads are shown in Figure 14. This cell ran for 93 hours to a

2.5 volt cutoff (on In load) delivering approximately 9.8 Ahr.

A BA5590 battery was assembled using 8 Li/SOC12 D cells

in series with cathodes of design #2. The test was performed at 250 C on duty

cycle mentioned earlier. The battery voltage on the 8, 39, and 560 a loads

as well as the battery temperature were monitored as a function of time. The

results are shown in Figure 15. The average battery voltages were measured

to be 25.5, 27.0 and 28.5 volts under the 8, 39, and 560 f loads, respectively.

The battery ran for approximately 100 hours to the 20 volt cutoff, delivering

approximately 11 Ahr in capacity. The temperature of the battery remained un-

changed during the test cycles as shown in Figure 15.

The above BA5590 battery weighed 840 gins and contained

8 D Li/SOC12 cells. The present BA5590 battery, on the other hand, contains

10 Li/SO 2 D cells and weighs 940 gins with a service life of 80 hours on the

same duty cycle. This corresponds to a 12% weight reduction and a 25%

increase in service life. Thus, the improvement in performance of the Li/SOC12

BA5590 battery over that of the Li/SO 2 BAS590 battery was significant at the

temperatures of these tests.

2. GLLD Laser Designator Battery

i. Modified Duty Cycle

The modified duty cycle as specified earlier was

used to screen the efficacy of the various current collector designs for the

-----------------------------------



13.

GLLD laser designator application while the GLLD test equipment was still

under development.

One Li/SOC 2 D cell with a cathode of design #2

(having the tab located at the center of the 20 inch long electrode) was tested

under the modified GLLD duty cycle using a 6.5A current at 250C. The voltage

and the temperature of the cell were monitored during the three minute burst and

are plotted as a function of burst numbers in Figure 16. During each three

minute, 6. 5A burst, the cell voltage showed a slight recovery during the early

stages of the discharge and a slight decline towards the end of the discharge.

The cell temperature showed a sharp rise during the three minute burst and

declined to almost the original level during the 27 minute open circuit stand.

The cell delivered 16 bursts at a voltage above 2.5 volt, corresponding to a

capacity of 5.2 Ahr. The cell temperature during the burst periods rose to a

maximum of 300C which is well within the safe limits of temperature excursion.

A second D cell of similar construction was tested

under the modified duty cycle using 8A and the cell was thermally insulated

using glass filter paper. The test results are shown in Figure 17. Note that

the cell temperature rose to a maximum of 40'C towards the end of the discharge

during the three minute 8A bursts. The cell delivered 12 bursts corresponding

to a capacity of 4.8 Ahr.

Another D cell of the same design was tested on the

modified duty cycle using 6.5A bursts at -300C. The results are shown in

Figure 18. Although'the cell delivered 11 bursts, the cell voltage remained

around and most of thei\tme below 2.0 volt during most of the bursts. A

serious voltage delay problem was observed in the initial stage of the test.

One D cell with a 20 inch long cathode having both

a horizontal and a vertical tab (design #4) was tested on the modified duty cycle

using 6. 5A bursts at room temperature. This cell was also thermally insulated

with glass filter paper separator. The results are shown in Figure 19. The cell

delivered 10 bursts corresponding to a cell capacity of only 3.25 Ahr. This

low cell capacity is most likely due to the lower effective cathode area because

of the presence of the horizontal tab.
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One D cell with a 25 inch long cathode having one

tab at one end (design #6) was tested on the modified duty cycle using an 8A

pulse at 25'C. The results are shown in Figure 20. The cell showed unusually

high polarization as well as a sharp rise in the cell temperature during the 3

minute bursts. The cell temperature reached a maximum of 55 0 C during the last

burst. The cell only delivered 4 bursts above 2.0 volt. This poor performance

may be attributed to the non-uniform current density distribution as a result of

the poor current collection.

Two D cells with the 25 inch long cathode having both

a horizontal and a vertical tab (design #7) were tested on the modified duty cycle

using 6. 5A bursts at room temperature. The results from these two cells are

shown in Figure 21 and 22 respectively. The cells delivered 10 and 12 bursts

corresponding to capacities of 3.25 and 3.9 Ahr, respectively. The maximum cell

temperature remained below 400 C.

Another D cell of the same design was tested using 8A

bursts at 250C. The results are shown in Figure 23. The cell delivered only

7 bursts corresponding to a capacity of only 2.8 Ahr. Although the use of the

horizontal dab did lead to some improvement over the single vertical tab design,

the improvement was slight due to the decrease in the active cathode area caused

by the horizontal tab.

Several D cells were made with 25 inch long cathodes

having three tabs as in design #8. One cell was tested at room temperature on

the modified duty cycle using 6.5A. The results are shown in Figure 24. The

average cell voltage on load remained only slightly below 3 volts and was found

to be rather stable. The cell temperature rose to a maximum of only 36 0 C during

the 6.5A burst. The cell delivered 16 bursts above 2.5 volt, corresponding to a

cell capacity of 5.2 Ahr.

Two D cells of the same design were tested at -30 0 C

on the modified duty cycle using 6.5A current. The results are shown in Figure 25

and 26, respectively. Note, that the average cell voltage on load was above

2. 0 volt. The two cells delivered 10 and 8 bursts,corresponding to the cell

capacities of 3.25 and 2.6 Ahrrespectively. The performance of these cells was
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somewhat better than the cellsof design #2 at -30 0 C.

Another D cell of the same design was tested at

room temperature on a modified duty cycle using 8.75A. The results are shown

in Figure 27. The cell delivered 11 bursts and went into reversal during the

12th burst. The capacity delivered was 4.8 Ahr.

A new cathode current collector design (#9) was also

evaluated by making two D cells with 25 inch cathodes having two vertical tabs

located equidistant from the cathode ends and the middle (see Figure 28). One

cell was tested on the modified duty cycle using 6.5A and the other one was

tested using 8A at 250C. The results are shown in Figure 28 and 29, respectively.

The two cells delivered 16 bursts (at 6.5A) and 12 bursts (at 8A),corresponding

to cell capacities of 5.2 and 4.8 Ahr, respectively. This represents a significant
improvement over the cells of design #2, #4, #6 and #7. Also, its performance

is comparable to that of the cell design #8.

cmao All the above results are summarized in Table 2 for
t" comparison.

ii. Old GLLD Duty Cycle

The old GLLD duty cycle is schematically shown in

Figure 1. The design and construction of a piece of test equipment capable of

testing 8 batteries simultaneously on the GLLD Laser Designator duty cycle

has been completed. This test equipment was designed to draw constant currents
of 17.5A and 1.8A for the old duty cycle for the desired time Intervals from the

battery down to a voltage of approximately 0. 8 volt at which point the test is

automatically terminated thus preventing any force-discharge on the cells.

Since the GLLD battery will contain two D cells in parallel, we carried out the

initial test using two D cells in parallel instead of using the full 16 cell battery.

D cells made with cathodes of design #2 were tested

at 250C using the old duty cycle. The results are shown in Figure 30. The cell

voltages on both the 17.5A and 1.8A loads are shown as a function of number of
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bursts. The two D cells delivered 9 bursts above 2.0 volts delivering 2.9 Ahr/cell

in capacity. On the 10th burst, the cell voltage on 17. 5A dipped to 1.0 volt

at which point the cell temperature rose sharply to 500C. The test results of

a second pair of D cells of the same design are shown in Figure 31. In this

case, the cells delivered 12 bursts corresponding to 3.9Ahr/cell. These results

are approximately similar to the previous test results on the modified duty cycle

(see Table 2).

Two cells made with design #8 were tested at room

temperature on the old duty cycle. The results are shown in Figure 32. The

voltages on the first two bursts were not obtained because of recorder mal-

function. Note that the cell voltage on 17.5A was substantially above 2.5 volt

and that the voltage remained quite stable during the 3 minute bursts. The two

cells (in parallel) delivered 17 bursts corresponding to a total capacity of

11 Ahr or 5.5 Ahr/cell. This is approximately the same as the results obtained

using the modified duty cycle.

The above tests were repeated with another pair of

D cells of the same design. The results are shown in Figure 33. In this test,

the individual cells were covered with a heat shrinkable plastic jacket. The

cell wall temperature was monitored during the test and it rose to a maximum of

40 0 C toward the end of thetest. The cell delivered 18 bursts above 2.0 volt

corresponding to a capacity of approximately 5.8 Ahr/cell. This is approximately

50% of the total available cell capacity of 12 Ahr. These results are summarized

in Table 3 and are extremely encouraging particularly in view of the fact that the

presently used Ni/Cd batteries deliver only 3 bursts per charge.

c. Conclusions

The rate capability of the Li/SOCI 2 D cells was Increased sub-

stantially by improving the cathode design. The cells with the improved cathodes

(design #2) were used to fabricate a BA5590 manpack radio battery containing

8 cells in series. The battery had a service life of 100 hrs delivering 11 Ahr

at room temperature. This represents a 20% Increase in service life with an

associated weight reduction of 11% relative to the presently used BA5590 batteries

which use 10 Li/SO 2 D cells.

............
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The GLLD Laser Designator battery can accommodate 16 D cells

which will be connected 8 in series and two in parallel. Li/SodC2 D cells of

various cathode designs were tested on a prorated basis using single cells and

two cells in parallel. Designs #8 and #9 appeared to be most promising. The

results showed that these batteries are capable of providing at least six times

longer service life than do the currently used NI/Cd batteries. The temperature

of a single cell remained below 40 0 C during these tests.

C. Evaluation of Cathode Additive

Since the cathode configuration of the spirally wound D cell has

already been optimized for high rate applications, our efforts were shifted to

the study of the effects of cathode additives (catalytic and/or conductive) on

the performance and abuse resistance of these Li/SOCI 2 D cells. We selected

six catalytic additives after a preliminary screening for compatibility with cell

components.

a. Experimental

Spirally wound D cells with cathodes of design #8 were used

as the test vehicle in this work. Additive 1 was evaluated at two concentration

levels and additive 2 was examined at three levels while the remaining additives

were studied at one level. A pair of D-cells in parallel was tested on the GLLD

load using either the old or the new duty cycle as specified earlier. Cell

voltage on load and temperature was recorded during each test. All tests were

conducted at 25 0 C.

b. Results and Discussion

i. Additive 1 (Ni)

Two paris of spirally wound D cells with additive 1 at

level A were tested on the old GLLD duty cycle. In the first pair of cells

(Figure 33a)the load voltage for the first 17.5A pulse was 2.6V, with an increase

to 2.9V through the 3 minute pulse regime. The 1.8A pulse voltage began at

3. and increased to 3.3V. For the remainder of the test the voltage at 17.5A

was quite steady in the range 2.70-2.90V. The two cells delivered 19 bursts,
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corresponding to 6.1 Ahr/cell. These two cells polarized during the 20th burst,

with voltage on both pulse loads dropping, precipitously. The second pair of

cells using additive 1 at level B delivered 21 bursts (6.8 Ahr/cell), and polarized

during the 22nd duty cycle as shown in Figure 34. One of these pairs of D cells

was then driven into reversal at 1A for 19 hours. During this reversal some cell

heating was observed as the cells entered reversal, but no venting or other mis-

behavior occurred as the cells cooled to room temperature during the reversal.

Two more pairs of D cells with additive 1 level B were

also examined on the GLLD duty cycle. The first pair initially had a very low

17.5A load voltage of 0.25 volt which rose to 2.5 volt during the first three

minute burst as shown in Figure 35. This pair of cells gave a pulse voltage

above 2.5V for 17 bursts (5.5 Ahr/cell) and polarized badly during the 19th cycle.

This pair of cells was then driven into reversal at IA for 21 hours. The temperature

of the cell rose to 540C as the cell entered voltage reversal, then declined to

near room temperature at the end of the discharge. The second pair of cells

delivered 14 bursts (4.5 Ahr/cell) and became badly polarized during the 15th

burst as shown inFigure 36.

ii. Additive 2 (Cu)

Two pairs of cells with additive 2 at level A were tested

on the GLLD test cycle. One pair delivered 7 bursts above 2.SV, 16 bursts above

2.OV and did not polarize until the 21st burst as shown in Figure 37. The pair

of cells then ran smoothly in reversal for 19.5 hours. The second pair of cells

had load voltage rise from 1.1V to 2.45 in the first burst as shown in Figure 38.

This pair of cells never had a voltage above 2.5V at 17o5A but delivered 19 bursts

above 2.OV and polarized during the 24th pulse. This pair of cells was driven

8 hours into reversal at 1A without incident. Maximum measured cell wall tempera-

ture was 430C.

The performance of a pair of D cells with cathode additive

"2" at level B is shown in Figure 39. The cell capacity of 17 bursts or 5.6 Ahr/cell

is very similar to that for a cell without additive and the additive appears ineffective

at this level.
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We tested two further pairs of cells with cathode additive

2 at level C. These cells were tested on the new GLLD test cycle. The results

are shown in Figures 40 and 41, respectively. The cell capacity was found to

be approximately between 7.4-7.6 Ahr/cell . (22 bursts under the old GLLD test

cycle). This is about 25% better than the standard cell. The load voltages at high

current were also near 2. 5-2. 6V, which is higher than observed earlier with additive

2 at level A '.see Figures 37 and 38). For cathode additive 2 at level C, the additive

gave increased cell capacity without a penalty in discharge voltage and thus seems

most satisfactory.

iii. Additive 3 (Cr)

Two pairs of cells fabricated with cathode additive 3 were tested

on the old GLLD duty cycle. In one case the initial load voltage was 2.5V, rising

to 2.85V during the burst. The cell pair delivered 17 bursts (5.5 Ahr/cell) over 2.5V

and was polarized to below 2V during the 19th burst as shown in Figure 42. This

cell pair was then driven into reversal for 21 hours at 2A. The cell wall temperature

rose as the cells entered reversal as shown schematically in Figure 43, but later

cooled during the reversal with no venting or other misbehavior. The second pair

d cells with additive 3 gave an initial load voltage of 1. 20V rising to 2. 75V during

the burst. This pair delivered 19 bursts corresponding to 6. 1 Ahr/cell. These

cells were polarized during the 20th burst as shown in Figure 44. These cells

were also driven into reversal at 2A for 21 hr. with no misbehavior.

iv. Additive 4 (Co)

One pair of D cells using cathode additive 4 was tested on the

old GLLD test. The voltage on the initial 17.5A pulse was 0.6, rising to 2.1V in

the first burst. The cell polarized during the 21st burst, but load voltage never

reached 2.5V and was below 2V after the 12th pulse, as shown in Figure 45.

v. Additive 5 (Mn)

One pair of cells using cathode additive 5 was discharged.

The initial pulse voltage of 2.60V rose to 2.85V through the first burst. This

cell delivered 16 bursts with a load voltage above 2.5V (which corresponds to
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5.2 Ahr/cell) as shown in Figure 46 before polarizing very quickly in the 17th

pulse.

The above results are further summarized in Table 4 for

easy comparison.

c. Conclusions

It is apparent based on Table 4 that catalytic additive 1 at level A and

2 at level C both improved the performance of the cells, for example, these cells

delivered 20-23 bursts on the old GLLD duty, cycle compared to 17-18 bursts

realized from cells without any catalytic additive. In view of the fact that the

cathodes were unoptimized both with respect to the amount of additive and the

manner of impregnation, the 22% increase in performance was rather significant.

The abuse resistance of the cells on force discharge was also significantly improved.

Although we did not measure the internal pressure of the cells during the test and
the abuse, the fact that the low pressure (130 PSI) vents of these cells remained un-

opened during both the test and the abuse of the cells, indicate that there was no

pressure build-up problem. Therefore, we believe that the approach involving use

of catalytic materials in the cathode to improve performance and safety is efficacious.

For the GLLD application, cathode additive 2 at level C seemed to be the best

choice so far.

D. Effect of Electrolyte Concentration

The 1. 8M LiAICl 4 electrolyte used in the hermetically sealed spirally

wound D cell may not be the optimal concentration to use for high rate applications.

Since 1. 8M LiAICl 4 in SOC12 is very near the electrical conductivity maximum for

LIAICI 4 in SOCI 2 , partial discharge of the cell would increase the LiAICI 4 content

which leads to a reduction in electrolyte conductivity and, perhaps, even premature

cathode passivation due to LIAICI 4 precipitation. Therefore, the effect of electro-

lyte concentration on the cell performance under the old GLLD load was briefly in-

vestigated.
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a. Experimental

The effect of electrolyte concentration was evaluated using

spirally wound D cells of cathode design #8 as illustrated in Figure 9. A pair

of such cells were connected in parallel and then tested on the old GLLD duty

cycle. We chose 1.4M LiAICI 4 -SOCI 2 to study because electrical conductivity

changes relatively slowly with concentration in the high concentration region.

b. Results and Discussion

The performance characteristics of two pairs of D cells filled

with 1.4M LiAlCI 4-SOCI 2 electrolyte on the old GLLD duty cycle are shown in

Figures 47 and 48, respectively. Both cell pairs delivered only 12 bursts, or

4 Ahr/cell compared to 18 bursts of 6 Ahr/cell for an identical cell filled with

1.8M LiAICI 4 electrolyte. The 1.4M LiAICI 4 cells also showed a voltage penalty,

with a load voltage of less than 2.5V at 17.5A compared to 2.75-2.85V for cells

with 1.8M LiAICI 4 . This 10% voltage penalty coupled with a 30% capacity loss

indicates there is little benefit to be gained from a reduction in LiAICI 4 concentra-

tion for the GLLD Laser Designator battery.

c. Conclusion

The use of more dilute concentration of electrolyte than the presently

used 1.8M LiAlCl 4 " SOC12 did not improve the cell performance on the GLLD test.

Instead, a 10% penalty in load voltage and a 30% loss in capacity have been

observed. Therefore, we decided to stay with the 1.8M LiAIC14.SOCi 2 electrolyte

throughout the remainder of this program.

E. Effect of Electrode Length and Cathode Pretreatment

We suspected that cathode passivation was the limiting factor in D

cell performance on the GLLD test and examined the effect of greatly increasing

electrode area within the D cell. This, of course, will increase the resistive loss

in the cathode because of the greater length but it will also increase the amount

of cathode material while decreasing the current density at the cathode.
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A cathode pretreatment process has been developed to enable us to

place longer cathodes (than 25") into a D cell. The effect of this cathode pre-

treatment process was examined experimentally.

a. Experimental

Spirally wound D cells with 25" long pretreated cathodes were made

using current collector design #8. A pair of cells in parallel was tested on the old

GLLD duty cycle to provide baseline data. Several D cells were made with 25" and

40" long pretreated cathodes using a new current collector configuration (design #10)

shown in Figure 49. These cells were parallel connected in pairs and tested on the

new GLLD load at 250C. In some cases, the cell pairs were driven into voltage

reversal at constant current to determine their abuse resistance. In addition, the

polarization curve of a single cell was also obtained.

b. Results and Discussion

A pair of D cells with 25" pretreated cathodes was tested on the

old GLLD load at 251C. The performance characteristics of this cell pair are

shown in Figure 50. This cell pair delivered 19 bursts on the old GLLD duty

cycle corresponding to 6.2 Ahr/cell in capacity which is very similar to that of

a cell with the same length of cathode without the pretreatment step. The load

voltage at 17.5A was - 2.7 volt which is also near that of a standard cell. This

cathode pretreatment process incorporated in the fabrication procedures did not

appear to affect the performance of these D cells on the GLLD load.

A pair of D cells with 35" pretreated cathode of design #10

(Figure 49) was tested on the new GLLD duty cycle and the results are shown in

Figure 51. The cells delivered 230 pulses,corresponding to 8.2 Ahr/cell in

capacity which is about 1/3 more than that of the standard cell ( 6 Ahr/cell).

The load voltage at 20A stayed above 2.5 volt for more than 90% of the entire test

period. This pair of cells was driven into voltage reversal at 2A with one cell

venting quietly 16 hours into reversal at a cell voltage near -1. OV and a cell

wall temperature of 45 0 C (Figure 52).
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A second pair of D cells of identlal electrode configuration was

also tested on the new GLLD load. This cell pair also delivered 230 pulses

with each cell contributing 8. 2 Ahr in capacity with the load voltage at 20A

above 2. 5 volt for nearly all the 230 cycles as shown in Figure 53. This pair

was first resistively discharged to 0V and then driven into voltage reversal at

2A. Cell wall temperature rose first to 420C and then dropped back and stayed

at -, 250C for about 60 hours (well beyond Li exhaustion) without venting.

Additionally, the polarization curve of a single D cell was also

obtained as shown in Figure 54. The high rate capability of this type of cell

was fully demonstrated by a cell voltage of 3. 0 volt at 5A.

To test the practical limits of electrode length in a conventional

spirally wound D cell, we prepared some cells using the cathode pretreatment

and 40" electrodes. These cells were also filled with 1. 8M LiAICI 4 electrolyte

and examined on the new GLLD test. The performance of these cells, shown in

Figure 55 and 56,was somewhat disappointing. The cell pairs delivered 220 and

243 bursts, corresponding to capacities of 7. 8 Ar/cell and 8. 7 Ahr/cellrespecti-

vely. The load voltage at 20A was found to be 2. 70-2. 75, but there was no

significant increase in cell capacity. One problem with the use of such extremely

long electrode stacks is that the portion of the cell volume occupi, I by the separator

increases very substantially. For example, with 40" electrodes and .005" separa-

tors, about 34% of the available electrode volume is taken up by separator. This,

combined with our test results on the 35 and 40 inch cathodes suggests that

35 inch cathodes are near the optimum for a spirally wound high rate D cell.

c. Conclusions

The cathode pretreatment process developed in our laboratory

made it possible to use longer electrodes in a spirally wound D cell. We

evaluated the effect of 35 and 40 inch electrodes and found that a substantial

capacity increase (from ,- 6.0 Ahr/cell with a 25" electrode design to -8.5 Ahr/

cell with 35-40" cathodes) could be obtained without any penalty in load voltage.

However, the 35 inch design appears to be the optimal one for high rate D cells.
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F. Design and Performance of Optimized High Rate D Cells

It has been established that a Li/SOCd2 D cell made with

cathodes of design #2 (20" cathode with tab in the middle) capable of deliver-

ing 10 Ahr on the BA5590 test cycle. However, a D cell of identical design

only gives '-5.0 Ahr on the GLLD test cycle. A D cell made with 25" cathode

with three tabs (design #8) can deliver - 6.0 Ahr on the GLLD load with

the proper level and type of catalytic cathode additive present. The same cell

will deliver up to 7.6 Ahr on the GLLD test cycle. The use of cathode pretreat-

ment and extremely long electrode enables a D cell to provide ,,- 8, 5 Ahr on the

GLLD test. However, the performance of such a cell on the BA5590 load is

reduced due to the presence of glass fiber separator material. The above facts

led to the conclusion that the optimal high rate D cells suitable for both BA5590

man pack radio and GLLD Laser Designator applications most probably should be

made with 26-28" long cathodes. This length would also allow a substantial

excess of lithium capacity for improved abuse resistance during voltage reversal.

a. Experimental

The improved electrode configurations for the optimized high

rate D cell were evaluated in D cells of standard hermetic construction. These

cells incorporate a hermetic G/M seal feedthrough and G/M seal low pressure

vent which is hermetic until opened on short circuit or other abusive treatment.

The electrode stack, consisting of catalytic carbon cathode, lithium foil anode

and glass fiber separator paper is wound about a mandrel and inserted into the

can. The anode tab is welded to the centerpost in the G/M Eeedthrough while

the cathode tabs are welded to the can during welding of cell top to can. The

cells are filled using a special piece of apparatus which allows us to evacuate

the welded cell through the fill port and then add electrolyte to the evacuated

cell. The fill tube is then closed, first by crimping, then by resistance welding

to create a hermetic cell. D cells with both 26" and 28" cathodes were made

and evaluated in this work.

We tested the D cells on the specified BA5590 and GLLD loads

using a mechanical timer and relay for the BA5590 test and a specially built
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microprocessor controlled pulse discharger for the GLLD test. We also dis-

charged cells at three current levels: 0.3A, IA and 3A using conventional DC

power supplies and load resistors to assure constant current behavior throughout

the test. The short circuit current was measured through a shunt. The effect of

abusive storage at 720C was also studied. Cell discharges at -300C were done

in a Blue-M Versa-Range test chamber after the cells were allowed to equilibrate

at -300C, usually overnight. Cell wall temperatures were measured by attaching

an OMEGA iron-constantan thermocouple to the side of the cell with tape.

Data were recorded on a variety of conventional stripchart recorders as well as

Linseis LD-12 12-channel recorder and Gould 220 high speed recorders.

b. Results and Discussion

We first developed a new D cell design using the cathode pre-

treatment process with a 28" cathode. These cells were first tested on BA5590

load. The performance of two typical cells of this design is shown in Figures 57

and 58. The cell life was found to be 120-130 hours which is superior to that of

the earlier cell type (Figure 13) by some 25-30%. The operating voltage on the

1 n load was also increased from near 2.8 to above 3. OV for most of the cells

life. A typical cell of this design was found to deliver ^' 12.5Ahr on the BA5590

test.

With this improvement in performance we evaluated these cells

for constant current performance at moderate rates, as a quick check of cell

capacity and abuse resistance. Two cells were discharged at 1A, as shown in

Figures 59 and 60. The cell capacity of 11.5 Ahr was somewhat less than the

11.8 Ahr delivered by a cell with 20" electrodes as shown in Figure 61. The

cathode pretreatment process was suspected as the cause of the reduction in

cell capacity at 1A constant current discharge. This was confirmed when a cell

with 20" pretreated cathode gave only 8.6 Ahr at 1A as shown in Figure 62. This

is contrary to what we observed when we put cells with pretreated cathodes on the

GLLD test as described in the previous section.

While the 1A capacity of 11 Ahr was still reasonably good, we
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decided to modify the cathode pretreatment process, reducing the cathode

length to 26", giving a cell which will give good performance on BA5590,

GLLD and constant current discharges. On the BA5590 test this type of D

cell ran for 103 hours as shown in Figure 63, giving a capacity of some 11 Ahr.

The same cell type was tested on the GLLD test, where it delivered over

220 bursts, or 7.7 Ahr/cell as shown in Figure 64.

This optimized cell design was selected for the D cells for

delivery to the sponsor at the end of the present contract. Accordingly, we

further characterized the performance and the abuse resistance of this cell in

some detail. The polarization characteristics of this optimized D cell at 250C
are shown in Figure 65. Note that the cell voltage remains above 3.0 volt up

to a discharge current of 7.OA. The cells were discharged at currents of 0.3,

1.0, 3.0 and 10A at 250C. In addition to cell voltage, the wall temperature was

also monitored during the test. The results are shown in Figure 66 through 69.

At 0.3A the cell delivered approximately 10.8 Ahr to 3.0 volt cutoff. The operating

cell voltage was 3.5 volt during most of the discharge. The cell wall temperature

remained below 24C during the entire discharge. At 1.OA, the cell delivered

9.4 Ahr (Figure 67), the cell operating voltage remained above 3.25 volt during

most of the discharge. At 3.OA, (Figure 68) the cell delivered approximately

9.2 Ahr. The cell operating voltage was 3. 2 volt during most of the discharge.

The cell wall temperature increased during the test up to 370C. At 10A (Figure

69) the cell ran for 28 minutes, delivering a capacity of approximately 4.8 Ahr

prior to a mild venting. The cell operating voltage was approximately 2.7 volt,

while cell wall temperature increased substantially during the test, reaching

950C towards the end of the test. The cell did not exhibit any unsafe behavior

during the test. Li/SOCI 2 D cells of earlier designs (7) exploded on 10A test.

We determined the abuse resistance of the above cells by

driving them into reversal at 250C at constant currents of 0.3, 1.0 and 3.OA.

We monitored both the cell voltage and the wall temperature of the cells during

this abuse test. Voltage and the temperature profiles of the D cell on 0. 3A

reversal at 250C is shown in Figure 70. The cell voltage stabilized near zero

after the initial drop on 0.3A reversal, and remained at near zero volts all

throughout the 35 hr duration of the reversal. The cell wall temperature increased
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onl;" slightly at the beginning of the reversal but remained below 300C. There

was no cell venting or explosion, in contrast to the D cells of earlier designs (7).

The above cell was discharged to 10.8 Ahr before being reversed for 10.5 Ahr

worth of capacity, to a total capacity of 21. 3 Ahr which was well over the stoichio-

metric lithium capacity of 18 Ahr.

The voltage and the temper-ature profile of another cell of

similar construction but with cathode additive 2 on 1.OA reversal at 250 C is shown

in Figure 71. Note that the cell wall temperature increased initially to 451C but

then declined to 250 C and remained there for the duration of the reversal. The
cell voltage remained locked at virtually zero volt all throughout the reversal

lasting for 18 hrs. This is a typical demonstration of the "voltage clamp"

mechanism that makes these cells safe on reversal. There was no cell venting

or explosion.

The voltage and the wall temperature profile of another D cell

on 3. OA reversal at 25 0 C are shown in Figure 72. The cell temperature increased
I].

sharply at the start of the reversal to approximately 1000 C and then declined to

28 0 C on continued reversal. The cell voltage clamped at -0.3 volt during the

reversal which was continued for 3.3 hours. The cell exhibited only mild venting.

There was no cell bulging or explosion. The operation of the "voltage clamp"

to achieve safety on reversal was further demonstrated by this experiment.

The performance and the abuse resistance of the standard high

rate D cell is now reasonably well defined at room temperature. We then examined

the performance of these cells at -30 0 C to determine the performance penalty

associated with low temperature discharge.

A polarization curve for a standard D cell at -300C is shown in

Figure 73. The drop in voltage at a given load is far more pronounced than that

at 250 C (Figure 65) even at low current drains. An optimized high rate D cell

was discharged at -300C on 0. 3A load. The cells delivered 7 Ahr to a 2V cutoff

with only a very moderate rise in temperature as shown in Figure 74. This represents

approximately 65% of the capacity available at room temperature. An optimized

high rate D cell with cathode additive 2 was discharged at 1A at -300C. This

cell gave 5.15 Ahr as shown in Figure 75.with a greater increase in cell temperature.



28.

This corresponds to 55% of the capacity delivered at room temperature. As a

final high rate test at -301C, we discharged an optimized high rate D cell at

-300C on 3A load shown in Figure 76. The ter,,peratre rise Uurin, ziscnar.e

was sc:rew hat reater than noted at the low currents while the capacity of 4. 8 Ahr

was quite comparable to the IA capacity and 52% of the room temperature capacity.

Beside the capacity loss at -301C, there is a power loss as well due to the lower

voltage plateaus as shown in Table 5.

These cells discharged at -300C were also driven in voltage

reversal at constant currents of 0.3 and 3A. There was no venting or other mis-

behavior after 23 hours of reversal at 0. 3A at -30" C. Again, the cell voltage

remained at zero volt showing the excellent voltage clamping characteristics.

The standard D cell with cathode additive 2 was driven into reversal at IA for

13 hours at -301C as shown in Figure 77. There is some cell heating as the cell

enters reversal, but not enough to raise cell temperature above 00 C. There was

no venting during this test. Again the cell voltage clamped at zero volt with con-

current lowering of cell temperature on prolonged reversal. The final voltage

reversal test was of an optimized high rate E cell in 3A reversal at -300C.

The temperature (measured at the cell wall) and voltage are shown in Figure 78.

There was a very large rise in temperature as the cell entered reversal, followed

by a return of cell voltage to small positive voltages. This cell behavior may be

due to thermal decomposition of the intermediate species generated by the reduction

of SOCl 2 , giving a reversal of the cathode passivation. Thereafter the cell

voltage declined and clamped at -0.3 volt as before without any cell explosion.
There was evidence of mild cell venting.

Additionally, we shorted a standard D cell with additive 2 in

the cathode through a shunt and monitored the cell voltage, the short circuit

current and the wall temperature of the cell. The results are shown in Figure 79.

Note that the cell delivered a short circuit current of 200A at a cell operating

voltage of 1.0 volt. Both the current and the voltage remained at a high level

for 0.68 sec when the cell vented. There was no rupture of the cell. The cell

wall temperature remained unchanged because the duration of the shorting was

so brief.

We investigated the performance of this optimized high rate

D cell after storage. We stored a D cell at 720C for two weeks, followed by



29.

one week at room temperature, then tested it on the BA5590 duty cycle as shown

in Figure 80. The cell delivered 110 hours of service to a 2.5V cutoff, a capacity

of over 12 Ahr. The well known voltage delay phenomenon was observed only on

the 1 n load, and even at 1 - , load voltage is over 3V after -2 hours. The

load voltage is always over 2. 5V and thus there should be little or no start-up

problem. This test also showed very good capacity retention for the cells on the

BA5590 loads after high temperature storage. A second D cell was stored at 720C

for two weeks and discharged on the BA5590 load test at -300C after 6 weeks at

room temperature, as shown in Figure 81. This cell delivered 8.8 Ahr to 2.OV,

or over 70% of the fresh cell capacity on the same test at room temperature,

once more demonstrating the good capacity retention of this design.

We stored a pair of D cells at 720C for two weeks and then

tested the cells on the GLLD duty cycle at room temperature as shown in

Figure 82. The capacity realized on this high rate test was 6.8 Ahr/cell to a

2. 5V cutoff, over 90% of the fresh cell capacity. Some voltage delay was

observed early in the test, but a load voltage of 2.0V at 20A was reached in

12 minutes and 2.5V in 2-1/2 hours. The capacity at 20A above 2.0V was higher,

8.6 Ahr/cell, which is very comparable to capacities above 2.OV at 20A for

unstored cells, showing once more the very good capacity retention of the high

rate D cell on abusive storage.

We stored a further pair of D cells at 72°C for two weeks,

followed by six weeks at room temperature. These cells were then equilibrated

at -300C and discharged on the GLLD duty cycle at -300C as shown in Figure 83.

The cell capacity on the GLLD test was very low, with the 20A load voltage never

reaching 2.5V and the capacity above 2.OV only 1.8 Ahr. At lower currents and

voltages the cells showed higher capacity. There was also some delay in the

cells reaching their running voltage at 20A, although there was much less delay

at 3.2A.

Finally, we assembled 16 high rate D cells into two parallel,

8 series connected cell stacks after storage at room temperature for approximately

nine months. Thesa cells were tested as a GLLD battery on the new GLLC load.

The battery delivered 180 pulses at above 20 volt equivalent to 12.8 Ahr in total
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capacity output. The temperature of the cells remained at around 30-350C.

Towards the end of the discharge, the test equipment malfunctioned leading to

multiple pulsing without the 3 minute rest intervals. This caused a sharp increase

in temperature to 50 0 C as shown in Figure 83a. An initial voltage delay was

observed. The load voltage at 20A went above 20 volt after 1 hour on the new

GLLD test cycle. These results indicate that these high rate D cells are capable

of retaining their capacity and rate capability even after storage over extended

periods of time after filling.

c. Conclusions

We have refined our several high rate D cell designs to produce

a cell with good performance on both GLLD and BA5590 tests, while maintaining

abuse resistant design features. We verified the good performance of this cell

on both GLLD and BA5590 tests and selected this design as a new standard high

rate D cell design with significant performance advantage over previous Li/SCCI 2

E cells.

This high rate D cell design has been characterized further by

determining its capacity at currents ranging from 0.3A up to 10A at 250 C and -300C.

The cells showed excellent abuse resistance on voltage reversal. There were no

cell explosions on either shorting or reversal. The cells vented on short circuiting

and on prolonged reversal, the cells exhibited :voltage clamping" and the con-

current safe behavior. The good capacity retention properties after abusive storage

at 72 0 C on both BA5590 and GLLD test loads were also experimentally demonstrated.

G. Conclusions

The use of spirally wound Li/SOCI 2 D cells for the BA5590 Battery

Man Pack Radio and the GLLD Laser Designator Battery applications is attractive

because similar manufacturing technology has been well developed for the Li/SO 2

D cells. We have successfully developed such a high rate D cell with an optimal

design which is suitable for both BA5590 and GLLD applications.

This new design was reached through careful and systematical

studies of the effects of cathode current collector configuration, electrolyte
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concentration, electrode length, cathode additive, and cathode pretreatment

process. Finally, a spirally wound D cell with 26" electrode was proven to

be the optimal design for both high rate applications (i.e. BA5590 and GLLD

laser designator) considered in this work. The cathodes were pretreated and

a three tab design was adopted in this final version of D cells to minimize

electrical resistance of the cathode. The cells were filled with the conventional
:-"41. 8M LiAIC14- SOC12 electrolyte system.

SAt 25 0 C, a typical fresh D cell can deliver I1 and 7.7 Ahr/cell

on BA5590 and GLLD tests, respectively. The constant current discharge character-

istics were also obtained at current levels ranging from 0.3 up to IA at 25 and

-30 0 C. At 1A the cell capacities were found to be 9.4 and 5.5 Ahr at 25 and

-30°C, respectively. After abusive storage at 72 0 C for two weeks, the cells

were found to have good capacity retention properties on both BA5590 and GLLD

loads at 25 0 C. Furthermore, a sixteen cell GLLD battery can safely deliver

12.8 Ahr in capacity after a nine month storage period. Excellent retention of

both capacity and rate capability in the D cell configuration has once again

been demonstiated.

The short circuit current of this optimized D cell was found to be

about 200A. Upon accidental shorting and during deep voltage reversal, the

cell usually vents quietly through its G/M seal without any incident.

One hundred Li/SOCd 2 D cells of this optimized high rate design

have been fabricated and delivered.

ANN
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III. Development of the I.8 Inch Diameter Cylindrical Cell

We chose to develop the 1 .8 inch diameter cylindrical cell for the

GiLD Laser Designator Battery to reduce the number of cells required from

16 to 8. The construction of this cell uses the technology already developed

for the spirally wound D cell, including wound electrode geometry, low pres-

sure glass-to-metal seal Eermetic vent, glass-to-metal seal feedthroughi and

fill port in the cell top. The details of the development are presented here.

A. Experimental

Cell Can: The stainless steel cans with dimensions of:

O.D.: 1.812" ± 0.010"

Ht.: 2.609" ± 0.015"

Wall: 0.031" ± 0.003"

Cell Yop: The cell top is made of Kova- and has the following dimensions:

O.D.: 1.750" 0.010"

Ht. 0.188"± 0.010"

G/M Seal: The glass-to-metal seal with the hermetic feedthrough for

the center post was fabricated using the seal technology developed for the

LI/SOC12 D cell.

Vent: The cell top has a G/M seal vent similar to that developed for the

D cell. A schematic diagram of the completed cell top with electrolyte fill

port, vent and 3/M seal feedthrough is showi in Figure 84.

Welding Fixture: The necessary heat sinking fixtured for TIG welding

the cell top and can were designed and built. The welding step was perfected

using empty cans. No unusual difficulties were encountered in this operation.

The efficiency of the heat sinking was determined by checking the temperature

of the can wall after welding. The temperature was found to remain wI thin safe

limits.
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Cell Construction: Cells were made by winding two layers of 2" x 20'

cathodes and two layers of 2" x 21" anodes arranged alternately and separated

by layers of glass filter paper. The cathodes each have two tabs located 5"

* -from the ends while the anodes have two tabs located at the ends. Thus, both

anode and cathode have four tabs each for current collection.

The cells were filled with about 90 grams of 1.8M L.iAlC1 in SOCI
4 2

through the fill prot, which was then closed. A photograph of the finished cell

is shown in Figure 85.

B. Results and Discussion

One cell was tested at room temperature on the old GLLD test cycle

of alternating 17.5A and 1 .8A pulses. The results are shown in Figure 86.

The cell delivered 19 bursts above 2.OV which corresponds to a capacity of

12.5 Ahr. Another cell was tested on the new '3LLD test cycle with the results

shown in Figure 87. The cell delivered 179 bursts to give a capacity of 12.9

Ahr.

C. Conclusion

Considering the fact that 1 .8" diameter cylindrical cell has twice the

internal volume of the D cell, the performance on GLLD test was inferior to that

of a pair of D cells in parallel. Particularly, the voltage on the high current

pulse was only around 2.OV, which is below the required cutoff voltage of 2.5V.

For this reacon we decided to discontinue the development of the 1.8" diameter

cell and to concentrate our efforts on the development of flat cells to fulfill the

GLLD Laser Designator application requirements.
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IV. Development of the Three Inch Diameter Flat Cylindircal Cell

The safety of the Li/SOCI 2 cells was demonstrated (7, 11) to depend on

the internal temperature of the cells. DTA studies of the cell constituents showed

that Li + S exothermic reactions taking place at temperatures of approximately

150 0 C may be responsible for the thermal runaway of the lt/SOCI 2 batteries.

Therefore, it is improtant that the internal temperatures of the cells be kept

below 150 0 C under all conditions of use and abuse. For low rate applications

the safety of the cells was successfully achieved by controlling the heat genera-

tion of the cells by lowering their intrinsic rate capability. However, for high
rate applications, such as the GLLD laser designator which requires pulse currents

of 20A at 24 volts involving a power drain of 480 watts, the heat generation of
the cells can no longer be easily controlled. Therefore, in order to maintain

the internal cell temperature below 150 0 C, heat dissipation of the cells must

be enhanced. Cell configiratlons with a maximum surface area to volume ratio

become more preferable. Considering only the cylindrical shape, in view of

its advantage in terms of containing high internal pressures with minimal dis-

tortion, the surface to volume ratio, R is expressed as:

R- Surface Area 2lTr 2 + 2nrL 2 +
Volume yr 2 L L r

where r is the radius and the L is the length of the cylinder.

The surface/volume ratio can be increased either by decreasing the

length of the cylinder while incroasing the radius to maintain the internal volume,

or by decreasing the redlus of the cell and correspondingly increasing the length.

Considering the difficulties involved in the construction of narrow cylindrical

cells, we opted in favor of the former shape, viz., the flat cylindrical cell.

The hlqh surface ar i to volume ratio of the flat cylindrical cell en-

hances the heat dissipalto- of the cell from its surface to the environment and

as such Is a better confiquration from the safety standpoint. However, this is

true In the case of single cells only. In the case of multicell battery, the

individual cells may be potted In such a manner that they may be thermally

insulated from the environment and the heat dissipation my be rather insignificant.
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Therefore, relaince on heat dissipation of cells for safety is unsound. For

this reason, we have attempted to achieve,

(a) low heat generation

(b) high internal thermal equilibration

in the design of our flat cells. In this manner, the cells will be safe when

used either as single cells or as multicell batteries. The design objective is to

balance the total heat generation during the high current pulses with the total

thermal mass of the battery such that the internal temperature of the cells does

not exceed the upper limit of the safe temperature. We determined this tempera-

ture (7) by doing DTA of the cell constituents and found that the lowest tempera-

ture of initiation of an exothermic reaction is 150 0 C for the LI + S combination.

S is a reaction product of the cell. This exothermic reaction may initiate a

thermal runaway. Therefore, the internal temperature of the cell should be

kpet below that. Arbitrarily, we chose an upper limit of the safe temperature

of 130 0 C.

The electrode designs chosen for this cell consisted of stacked circular

discs instead of the commonly used spirally wound electrodes. In addition,

a safety vent was incorporated so that the internal pressure and temperature

buildups can be relieved on accidental short circuiting or force discharge.

A. Study of the Effect of Cathode Current Collector Design

Since it has been demonstrated in our D cell optimization work that the

impendance of the current collector is a major contributor to the cell impedance

leading to non-uniform current distribution and low current carrying capability,

it is apparent that an optimal current collector design must be obtained for the

disc shaped cathodes used in the flat cylindrical cells specially developed for

high rate applications. We designed and built a demontable flat culindrical

cell for the purpose of evaluating the effect of the current collector design on

the performance of the disc shaped carbon cathodes. Such a cell enabled us to

screen a variety of current collector designs swiftly.
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a. Experimental

The cell made of two thick stainless steel plates which act as heat

sinks to prevent any singificant temperature rise in the cell which may affect

the polarization measurements. The disc shaped Li anode and carbon cathode

are welded on the stainless steel plates by means of tabs of various designs.

The schematic view of the experimental cell is shown in Figure 88. The two

plates are insulated by means of viton rubber gaskets and the sealing of the

cell was accomplished by compressing the plates with polypropylene nuts and

bolts. The cell contained a .i reference electrode connected to a nickel tab

which is placed between the two layers of the viton rubber gaskets. The two

stainless steel plates acted as cell terminals. The cell was filled with

I . 8M LiAIC 4 SOCI 2 electrolyte through an electrolyte fill port located in one

of the plates.

The disc electrodes were 2.8 inch in diameter. The Li anode was

made by punching out 2.8 inch discs of 15 mil thick Li and pressing it on the

expanded Ni current collector which was welded to one of the stainless steel

plates.

The carbon cathode was similar in composition and thickness (0.025 in)

as used in D size cells and comprise porous carbon on expanded Ni current

collector. Carbon cathodes were made by punching out 2.8 inch diameter

discs from a sheet of carbon cathode. The details of the various current collector

designs are shown in Figure 89. A total number of eight different designs were

studied. The details of the various current collector designs are described

below:

Design #1 . In this design the expanded Ni grid of the carbon was

welded to the stainless steel plate at four different spots as shown in

Figure 89 (1). There was no separate tabe for the current collection. There was

no significant reduction of the active carbon area in this design, since weld

areas were very small and the amount of carbon removed from the grid was

negligible.
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Design #2. In this design two layers of 0.20 inch wide Ni ring was

welded all around the carbon cathode. The thickness of each layer of the ring

was 0.01 inch. The Ni ring was then welded to the stainless steel block at

four different spots as shown in Figure 89 (2), without any tab. This design

leads to a reduction of the active carbon area of approximately 27%.

Design #3. This design was identical to design #2 in all respects

except that the Ni ring was 0.005 inch thick.

Design 4N. In this design, the cathode with the metal ring as in

design #3, was welded to the stainless steel block by means of two layers of

0.25 inch wide, 0.002 inch thick Ni tab. The length of the tab was approximately

0.25 inch. The cathode was otherwise insulated from the stainless steel block

by a layer of separator.

Design #5. In this design two layers of 0.25 inch wide Ni tab was

connected to one edge of the cathode disc and then welded to the stainless

steel block of the cell. There was virtually no loss of the active cathode area

by this design. The cathode was otherwise insulated from the block by means

of a layer of glass filter paper separator.

Design #6. In this design, two layers of 0.25 inch wide Ni tabe were

welded from the center to the edge of the cathode disc, as shown in Figure 89 (61

This tab was then welded to the stainless steel block. There was also a layer

of separator between the cathode and the cell block. The reduction in active

cathode area was approximately 90.

Design #7. In this design two layers of 0.125 inch wide tab were

welded across the diameter of the cathode disc as shown in Figure 89 (7). The

cathode was also spearated from the block as before. Thereduction in active

area as a result of the tab was approximately 6%.

Design #8. In this design two 0.125 inch wide tabs (two layers) were

welded at 90 degrees along the diameter of the cathode disc as shown in Figure 89

(8). The two tabs were welded to the stainless steel ceil I block and the cathode--L-
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was separated from the block by glass filter paper separator. The reduction of the

active area was approximately 120.

*The cell was made with the above cathodes and Ii anode with glass filter

paper separator. Only one side of the electrodes was used. Both the short

circuit current and the polarization characteristics were measured. During the

polarization measurements, both the cell voltage and the cathode potential

against the It reference electrode were measured. All the measurements were

made at room temperature. The wall temperature of the cells were also monitored

during the above measurements.

b. Results and Discussion

The polarization characteristics of circular cathodes of various current

collector designs are summarized in Table 6. The difference between the cathode

and the cell polarization represents the internal cell impedance which varied from

0.01 to 0.1 ohm and was affected significantly by the current collector design as

well as the current level. This relatively high cell impedance stems from the

relatively large space between the anode and the cathode as necessitated by the

particular stainless steel block cell design. Therefore, we chose to use the

cathode polarization data as measured against the Li reference electrode as the

basis for the evaluation of various current collector designs.

The results of the first four designs are shown in Figure 90. Note that

the polarization characteristics of the four types of cathodes are virtually identical

in spite of the fact that the cathodes of designs 2, 3 and 4 has 27% less active

area than the cathodes of design l. This indicates that the detrimental effect

of loosing electrode area has been successfully compensated by the beneficial

effect of the improved current collection as in designs 2,3 and 4. The results

of the designs 5, 6, 7 and 8, as shown in Figure 91, also show the lack of signi-

ficant differences in the polarization characteristics of the various cathode designs.

Therefore, we conclude that for the 2.8 inch diameter disc cathodes, the current

collector design does not have any dramatic effect on the polarization characteris-

tics of the cathodes. Any design which is convient to fabricate can be adopted in

the flat cell design.
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The short circuit currents of the experimental flat cells with the cathodes

of eight different designs are shown in Table 7. The lowest short circuit was

obtained with design #5 having one tab connected at one point at the edge of the

disc, indicating the poor current collection of this design. The higher short

circuit currents of the other designs indicate the relative compensatory effects

between the mass transport and the current collection. Based on the short circuit

current, the designs 6 and 7 emerge as the preferable designs for the high rate

cathodes. The highest short circuit current density realized from these cathode

designs was 200-230 mA/cm 2 , very similar to that realized from the spirally

wound D cells indicating the adequacy of the current collection.

c. Conclusions

The effect of the cathode current collector design on the polarization

and the short circuit current of the flat cells did not appear to be as significant

as in the case of spirally wound D cells, for eight different current collector

designs investigated. Two designs both with a current collector tab located along

the redius and along the diameter of the circular disc shaped carbon cathode

appeared to be most attractive. The maximum short circuit current densities were

200-230 mA/cm2 , very similar to that realized in sprially wound D cells having

improved cathode current collectors.

B. Design and Construction of Flat Cylindrical Cells

We have developed two types of flat cells, both are 3 inch in diameter.

One is 0.45 inch thick. Sixteen of these cells, connected two in parallel and

8 in series, are required for one GLLD laser designator battery. A sketch of the

battery pack with sixteen 0.45 inch flat cells is shown in Figure 2. The other

flat cell is approximately 0.90 inch thick and it requires eight cells per battery

as shown in Figure 3.

a. Thin Flat Cylindrical Cell (0.45")

Cell Can: The specifications of the stainless steel can which is 3 inch

in diameter and 0.45 inch high are shown in Figure 92.
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Cell Top: The design of the cover of the cell is shown schematically

in Figure 93. The glass-to-metal seal located on the cell top consists of an outer

metallic ring and a central post both of which were custom made. A graphite

boat with multiple cavity was designed and fabricated to make the glass-to-metal

seals. A multi-zoned quartz tube furnace was used for the firing and annealing

of the glass-to-metal seals.

The glass-to-metal seal was resistance welded to the cover. The

welding step was found to be quite critical in obtaining hermetic welds. The
design of the metal seal body, the location and the contour of the projection on

the seal body, all played an improtant role in accomplishing rugged hermetic

welds. This process has finally been developed.

The resistance welding of the electrolyte fill tube to the cell top was

4 found to be fairly straight forward.

Welding of Cell Top to Can: We designed and fabricated elaborate

heat sinking fixtures for TIG welding the top to the can. The elaborate heat-

sinking was needed to prevent excessive internal heating of the cell which may

have undesirable effects on the electrode materials. The welding process was

developed and perfected in this program.

The Cell- Circular donut shaped anodes, cathodes and glass filter

paper separators were used to make this cell. The cross-sectional view of the

cell and the electrode stack is schematically represented in Figure 94.

The current collector design chosen for the cathode was design 5 as

shown In Figure 89. This had the highest short circuit current density of all the

designs based on the results from the demountable cell experiments described in

the previous section.

The electrical conductivity of the lithium anode was sufficiently high

so that no current collector was needed. Disc shaped Li anodes were welded

directly to the feed through.
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The glass filter paper separators used to make the cell was found to be

rather fragile. The successful assembly of the electrode stack required extensive

fixturing and special handling procedures to prevent internal shorting. The cell

contained eight cathodes and nine anodes. The diameter of the cathode was approx-

imately 2.8 inch. Therefore, the total effective cathode area, using both sides,

was approximately 70 cm 2 per cathode with a total of 560 cm 2 . This corresponds

to a current desnity of 31 mA/cm 2 on 17.5 A load. The carbon cathode was

approximately 0.015 inch thick and the Li anode was 0.010 inch thick. The glass

filter paper separator was nominally 0.005 inch thick. Two layers of the separa-

tors were used to prevent shorting.

The cell was evacuated through the fill port and then filled with

1.8M LAIC14-SOC12 electrolyte and the fill prot was closed by welding. The

electrolyte weight was approximately 44 gins. A photograph of the finished thin

flat cylindrical cell is shown in Figure 95.

b. Thick Flat Cylindrical Cell (0.90 inch)

In this design, the flat cell is not only twice as thick as the previous

one, but the welding lip is located halfway between the two faces of the cell.

Essentially, the cell can comes in two halves of equal thickness. The volume

not utilized by the active ingredients because of the welding projection is sig-

nificantly less than that in the previous design. Also, the space wasted due to

intercell connections is minimized by reducing the number of cells, although

t he thickness of the stainless steel wall of the can was increased from 0.019 inch

to 0.032 inch in this design in order to make the cell more rugged and capable

of withstanding high pressures without bulging or rupturing.

Cell Can: The flat cell can is of two piece construction, consisting

of a cell top and bottom. Both parts are constructed of 0.032" stainless steel.

The details of the cell top is shown in Figure 9 6 . It incorporates a fill tube

which is internally welded and a G/M seal with is joined to the top by resistance

welding. The G/M seal also serves as a low pressure vent which opens upon

misuse and abuse. The bottom piece of the can is a solid piece of stainless steel

identical in shape to the top piece without the G/M seal.

., *..
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Cathode: The flat cell cathode Is made up of a carbon-PTFE blend

(90 - 10) which is pasted on an expanded metal grid, rolled to the desired

thickness and cured. The cathodes are then cut to shape as shown in Figure 97

with a die.

Anode: The flat cell anode is a circular disc of 0.005" Li foil, cut to

size with a die.

Electrode Stack- The electrode stack is assembled in a specially design-
ed fixture which indexes the anode, cathode and spearator with proper offset for

the cathode current collector. The assembly order incorporates an expanded metal

washer above and below each anode disc, as shown in Figure 98. The electrode

stack is terminated by a double anode and separator at each end to give better
heat transmission. The assembled electrode stack is tested for short circuits

to the can. A hollow threaded bolt is inserted on the center of the stack and a nut

is screwed down on the exmet washers to assure good anode contact. The

finished cell stack is schematically shown in Figure 98a.

The hollow bolt Is then topped with a plug of Li and pressed onto the

anode center post as shown in Figure 99. The cell top and bottom are now fitted

together with the ends of the cathode current collector tabs protruding. The tabs

are trimmed with scissors and the cell is closed by TIG welding the rim. A

photograph of a finished thick flat culindrical cell is shown as Figure 100.

The cell is tested for Internal short tIrcuits us ing an ohmmeter and

evacuated to 0.2 mm Hg. The cell is then filled with 1.8M LIAlCl 4/SOCl2

electrolyte using a vacuum filling technique. The cell resistance Is monitored
during evacuation and voltage is monitored during filling as precautionary measures.

Each cell weighs approximately 225g.

C. Preliminary Performance Data on Flat Cylindrical Cells

a. Experimental

A thin flat culindrical cell was constructed using 2.8 inch diameter
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disc electrode stack consisting of eight cathodes and nine anodes. This cell

was tested at 25°C under the old GLLD duty cycle as specified in Section IBb

using the microprocessor controlled test equipment mentioned previously in this

report. Since it was originally designed to use two parallel stacks of 8 series

connected cells in an actual battery, a single cell should experience only

half of the old GLLD load.

Due to the inflexibility of the test equipment, however, we tested the

single cell on the full load in order to obtain some preliminary performance data.

Two thick flat culindrical cells were also built for preliminary testing

on the old GLLD test load at 25 0 C. One cell contained 40 cathodes and 41

anodes and the other one was packed with 35 cathodes and 36 anodes. One

of the cells was driven into voltage reversal in order to obtain information on the

safety feature of this new cell design.

b. Results and Discussion

1. Thin Flat Cell

The cell was tested at 25°C under the GilD laser designator

duty cycle. The cell voltage on the two loads, viz 17.5A for 35.5msec and

1.8A for 14.5 msec were monitored during the three minute duty cycle. The

results are shown in Figure 101. The voltage profiles are shown for each three

minute bursts and the results are plotted as a function of the number of bursts

instead of as a function of time. Each burst occurs every 27 minutes.

The cell showed some voltage-delay on the first cycle. The

cell polarization on 17.5A load was found to be rather severe, although theIt operating voltage at 17.5A remained above 2.5 volt most of the time. In crder

to meet the end voltage of 20 volt for the whole battery, the single cell voltage

must be 2.5 volt. Considering the fact that the cell was subjected to twice

the required load, the operating cell voltage was considered to be quite

satisfactory. The cell delivered 8 bursts above 2.0 volt. With two cells in

parallel, one may expect at least 16 bursts or possible more. With two D cells
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in parallel, we realized about 17 bursts above 2.5 volt. Therefore, this flast

cell did not appear to provide any significant Improvement over the D cells.

2. Thick Flat Cell

The voltage of the cell containing 41 anodes and 40 cathodes on

both the 17.5A load and on the I .8A load (as per the duty cycle) are shown in

Figure 102. Note that on increasing the load from I . 8A to 17 . SA, the cell

voltage drops from 3.4V to 3.35 volt, a polarization of only 50 mV. This Is a

major accomplishment in the design of the high rate cell. This demonstrates the

efficacy of the electrode designs in terms of the current collector design and the

electrode separation on the rate capability of the cells. Cells delivered 18

bursts, at which point the cell voltage on 17.5A was still above 3.0 volt. The

test was terminated prematurely due to the malfunctioning of the test equipment.

In spite of this, the results was very impressive. The maximum temperature of the

cell was found to be less than 29 0 C. This low temperature rise is expected in

view of the low cell polarization. The low heat generation during the hlgh current

pulse is one of our major design objectives that we have accomplished by this

flat cell.

The other flat cell with 35 cathodes and 36 anodes was also tested

under the old GLID laser designator duty cycle. The voltage profiles on the three

minute bursts are shown in Figure 103. Exceedingly low cell polarization on high

current pulse is again noted. The maximum cell temperature was again less than

291C. The cell delivered 26 bursts (correspond to 16.9 Ahr) at which point,

the cell voltage on 17.5A pulse was still 3.0 volt. The cell was automatically

shut off at this stage. This represents a 44% improvement in terms of the number

of bursts obtained over that obtained from optimized high rate D cells In parallel

at the same cut-off voltage.

The cell was abused after the above test by force-discharging at

2A, The cell delivered another 2.2A hr to 2.0 volt. One cell reversal, the cell

temperature rose to 49 0 C at which point the cell vented.
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c. Conclusions

We have designed and built two different prototype flat cylindrical cells

for preliminary testing on the GLLD duty cycle. Based on data obtained, the thin

flat cell did not show any significant advantage over the sprially wound D cell

design. The thick flat cell, on the other hand, performed well above our design

objectives. Therefore, this particular design was chosen to be optimized in

both performance ans safety characteristics for the GILDIaser Designator

application.

D. Optimization of the Thick Flat Cylindrical Cell

The 3" diameter 0.90" thick high rate flat cylindrical cell developed

in this program has shown significant advantages over the optimized sprially

wound D cell design in both load voltage and capacity for the high rate GLLD

laser Designator application. Accordingly, this cell design was selected for

further optimization.

a. Effects of Anode Polarization Number of Cathode and Cathode

Additives

Flat cells discharged in our preliminary tests showed a high utilization

of lithium which led us to suspect that anode polarization might be limiting the cell

capacity. We planned to place thicker anodes into the cell for evaluatuon.

It was also decided to optimize the design of this flat cell package with respect

to the number of cathodes needed in the cell. In addition, since the use of

cathode additives has been demonstrated to improve the performance of sprially

wound D cells, the effect of similar additives on the performance of a flat cel l

was also briefly investigated.

1. Experimental

The design and construction of the 3 inch diameter, 0.9Y' thick

high rate flat cell have been discussed in detail in Section IV B b. One cell

with lithium anodes of twice the usual thickness (0.010") was built and tested on

the new GIUD load at room temperature to determine the effect of anode thickness

on cell capacity. As for the study of cathode number, a flat cell was
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made with 32 cathodes and 33 standard anodes (0.005 thick) and discharged on

the old CL.ID test. An identically built cell was tested on the new GLID duty

cycle for comparison. Cells were also made with 36 and 40 cathodes and tested

on both the old and new GLLD test loads. The polarization curve at high current

levels was also obtained using a DC constant current discharge method.

2. Results and Discussion

() Anode Polarization

A thick flat culindrical cell was constructed with 0.010"

thick lithium anodes and tested on the new GLLD duty cycle. It contained thirty

(30) cathodes and delivered 190 bursts above the 2.5 volt cutoff voltage which

corresponds to a cell capacity of 13.5 Ahr as shown in Figure 104. The cell

capacity of this thick anode cell is much less than the 16.9 Ahr dellvercd by

a cell containing 35 cathodes and 26 standard anodes as previously rejected in

Section IV C b 2. Therefore, we reached the conclusion that anode polarization

does not appear to be a performance limiting factor of the flat cylindrical cell.

(ii) Number of Cathodes

A flat cylindrical cell was constructed with 32 cathodes and 33

anodes and discharged on the old GLLD duty cycle at 25 0 C. The results are

Illustrated in Figure 105 which shows that the cell delivered 25 bursts correspond-

ing to an equivalent of 16.2 Ahrs of capacity above the 2.5 volt cutoff. The load

voltage at 17.5A remained above 2.9 volt during the entire service life. An

identically built cell was tested on the new GILD test load. This cell provided

230 pulses above 2.5 volt delivering 16.3 Ahr in capacity (see Figure 106).

The cells load voltage at 20A remained around 3.0 volt during most of its service

life. The duplication of the above two performance tests proves that the old and

new GLID loads do not noticeably affect cell capacity.

A cell with 40 cathodes was made and tested on the old GLLD

load. The performance of this cell, as shown in Figure 107, was not as good as

one would predict. The cell gave 25 bursts delivering 16.8 Ahr in cell capacity

which showed no improvement over the 32 cathode cell despite a 25 increase

In electrode area.
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Finally, a 36 cathode cell was assembled and tested on the

new GLLD test. This cell provided 290 pulses, which corresponds to a cell capacity

of 20.3 Ahr. The load voltage at 20A stayed near 3.2 volt during most of the

discharge and it remained above 2.5 volt at the 290th pulse which is remarkably

good at this high rate. The performance of this cell is also illustrated in Figure 108.

The high performance of this 36 cathode design was further confirmed by repeating

the same test using a cell of identical design. The cell gave 287 bursts which

is equivalent to 20.1 Ahr in terms of cell capacity as shown in Figure 109. This

cell also showed a load voltage of around 3.0 volt at 20A which indicates that

the internal impedence is remarkably low. Therefore, heat generation due to iR

heaging was minimized as indicated by the temperature data included in Figure 109.

The polarization curve of this cell design was also obtained

experimentally and it is shown in Figure 110. The load voltage at 50A was found

to be 2.95 volt, corresponding to an impressive power density of around 330 W/lb.

Based on these results, 36 cathodes seemed to be near the

optimal number of cathodes to use in a flat culindrical cell for the GLLD Laser

Designator application.

(iII) Cathode Additive

A flat cylindrical cell was made with 36 cathodes. These

cathodes were treated with additive 1 at level A as described previously in

Section II Ca. The cell was discharged on the new GLLD load at 25 0 C and

the results are plotted in Figure 111. The cell provided 302 bursts equivalent to

21.1 Ahr in capacity before polarizing. The cell voltage on the 20A load was

found to be -3.3 volts during most of its service life. The presence of this cathode

additive provided a 5% improvement on cell capacity and at 10% increase in load

voltage.

3. Conclusions

The performance of the 3 inch diameter 0.90 inch high flat cell was

further improved. An optimal cathode number of 36 was experimentally determined

for this package. Cell performance can be futher Improved, although not by

much, with the addition of cathode additive 1 at level A. Anode polarization does
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not appear to be a performance limiting factor In this flat cell design.

A flat cell can deliver more than 20 Ahr on the GLLD load. The
3

volumetric energy density approaches 10 Whr/in . The gravimetric energy

density is approximately 145 Whr/lb despite the fact that the weight of the can

is 40T of the total weight of a finished cell.

b. Improvemement of Electrode Stack Connection and Other Design

Changes

We have made several design changes to the electrode stack of the flat

cylindrical cell in order to improve the anode connection. The original design

has been described in detail in section IV B b. This final version differs from the

'old" design in several ways. The anodes are now clamped against 8 solid

stainless steel centerpost which has a solid stainless steel washer at the top and

is threaded at the bottom. A tantalum tab is welded to this post. An exmet washer

located at the top of the electrode stack is then welded to this tantalum tab. This

exmet washer, as has been described in our previous reports, is buried in the top

anode of the cell to complete the electrical contact between the anode and the

centerpost. This arrangement is further illustrated in Figure 112. An identical

piece of tantalum tab is also welded to the centerpost on the opposite side with

the same exmet washer welded to it.

The sequence adopted to stack the electrodes in the flat cell is shown

in Figure 113. In this flnal version an additional lithium washer is placed under

each exmet washer to act as a spacer. Without these spacers, the electrode

stack tended to become distroted during the assembly process.

Another design change involves the can itself. Originally, the center-

post of the can protruded approximately 1/8" above the glass-to-metal seal in

the top half of the can. This post is now flush with the top of the G/M seal

as shown In Figure 114. A nickel tab welded to the end of the post is used as

the negative terminal. This change was made to better utilize the space avail-

able in the eight cell battery package.
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I. Experimental

Three inch diameter, flat cylindrical cells were made with the

new electrode connection design and discharged on the new GLLD duty cycle using

procedures described previously. Cell temperature was also monitored during the

tests. A transducer was attached to the fillport of the cell to measure the internal

pressure of the cell during GLLD discharge. All tests were performed at room

temperature.

2. Results and Discussion

The voltage-time curve of two fresh flat cells built with the newly

developed anode connections on GILD duty cycles are shown in Figures 115 and

116. These cells were filled with 1.8M LiAlC1 /SOCI . They were found to be
4 2

capable of delivering 12.4 and 10.8 Ahrs to a 2.5V cutoff, respectively. Cell

pressure rose to 40-50 psig during the discharge. Temperature of the cell was

found to rise to 40 0 C. The second cell (Figure 116) did not perform as well

as the first one (Figure 115) due to internal self-discharge, (the cell became

warm luring filling). Both cells showed a voltage plateau at 20A in contract to

a sharp voltage drop, characteristic of Li/SOC12 cells.

The rate capacilities of the two cells tested were found to be sig-

nificantly lower than the ones reported in section IV C of this report using cells
made with the old electrode design. Some of those cells were capable of deli-

vering up to 21 A.hrs on the GILD load. Therefore, we constructed and tested

another cell of the old electrode design and the results are shown in Figure 117.

This cell delivered 13.2 A.hrs on GILD which is not too different from the perfor-

mance of the two cells reported above. Based on these results, we concluded that

the new design changes most probably did not cause the flat cell to lose its rate

capability. We are reasonably confident that the new anode connections are

superior to the original design. The decrease in rate capability must be caused by

a source other than the design changes.

3. Conclusions

Several design changes were made to improve the anode connections

to the negative terminal post inside the cell. Modifications were also made to
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the can itself for safety and packaging considerations.

Unfortunately, we discovered that the rate capability dt the flat

cells was lower than that of the cells we built earlier in this program. It has

also been established that this loss in cell capacity is most probably not caused

by these design changes. This new electrode connection design and other

changes were incorporated into the final design of the flat cylindrical cells to

be delivered to the sponsor.

C. Performance Caracteristics of the Flat Cylindrical Cell

The performance of the 3 inch diameter, 0.90 inch thick flat cylindrical

cell specifically designed for high rate applications has been determined not only

on the GELD test load but also under constant current discharge conditions. In

addition, its behaviors under short circuit and force overdlscharge conditions

were also obtained. These tests were first performed with freshly filled single

cells and then followed by using cells stored for a period of time in order to

quantitatively determine the extent of voltage delay and capacity retention as a

function of storage time and temperature. Finally, multicell batteries were

assembled and evaluated on the GLLD test load.

1. Experimental

In general test procedures for the flat cell were identical to those

for the D cell, with some exceptions. Pressure measurements in flat cells were

made with a pressure transducer attached to the cell by a Swagelock fitting and

second fill tube specially incorporated into this cell. Because of the high short

circuit current for the flat cylindrical cell, we designed and built a special fix-

ture for short circuit testing. This fixture incorporates a 500 amp shunt for current

measurement and is manually actuated through a 300 amp knife switch by a manual

control rod extending through the wall of our abusive testing area. Electrical

connection from the knife switch to the anode is made via a compression collet

on the center post and a 1/16" x 4" x 8" copper strip forming a flexible connection.

There is an electrically isolated voltage probe at the centerpost to allow voltage

measurement unaffected by IR drop through the leads. Cathode connection to
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the cell is made via a 1/16" copper sheet bolted to the 500 amp shunt. This design

features large areas for electrical contact and short electrical paths to keep

external resistance to a minimum. From the current and cell voltage measured
during shorting, we estimate the resistance of this fixture to be 5 x 10 ohm.

As for the multicell battery tests, a battery made with 3 series

connected flat cylindrical cells and two 8 cell GLLD batteries were assembled and

evaluated on the new GLLD duty cycle. The latter is schematically shown in

Figure 118. A 25A fuse was placed in the battery package to prevent cell venting

due to accidental shorting or other abusive conditions.

2. Results and Discussion

(i) Fresh cells

The voltage-time behavior of two typical flat cylindrical cells

at 251C on the GLLD test are shown in Figures 119 and 120. These cells were

both discharged shortly after filling with 1. 8M LLAICl4 in SOCI 2. The cell

capacities of 18.0 and 19.0 Ahr are typical of test results for flat cylindrical

cells although some cells have given as much as 21.3 Ahr on this test, Both

cells show the very flat voltages at high currents typical of the very high rate

flat cell design.

One fresh flat cell was soaked at 00C for 6 hours prior to

initiating the test on the new GLLD load. Both the cell voltage and the wall

temperature was monitored during the test. The results are shown in Figure 121.

The average cell voltage on 3.2 A load was 3.2 volt while on the 20A load it was

2.75 volt. The cell delivered 11.4 Ahr to 2.5 volt and 14 Ahr to 2.0 volt. The

cell wall temperature rose up to 100C toward the end of the test. The cell deliver-

ed approximately 700/, of its room temperature capacity of 20 Ahr at 00C up to

a 2.0 volt cutoff. This is quite satisfactory, considering the high rate pulsing

requirements.

7i
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A fresh flat cell was soaked at -30 0 C for three days and then it

was tested on the new GLLD load. The voltage profile of the cell on 3.2A and 20A

pulse are shown in Figure 122. The voltage regulation on 3.2A pulse was fbund

to be significantly better than on 20A pulse. The cell delivered approximately

7.1 Ahr to 2.5 volt and 9.9 Ahr to 2.0 volt cutoff. This corresponds to a 50/

reduction in cell performance up to 1 .0 volt cutoff. Again, considering the high

rate requirements of the GILD application, the performance at -30 0 C was found

to be quite satisfactory.

A fresh flat cell was discharged at a constant current of 20A on

a continuous basis, instead of pulse discharge as in GLLD application. The

discharge curve is shown in Figure 123. The cell operated at 3.2 volt and ran

for 40 minutes above 3.0 volt corresponding to a capacity of 13 Ahr. The cell

showed a voltage recovery towards the end of the discharge. The total cell capacity

N realized above 2.0 volt was approximately 19.8 Ahr. On GLLD pulse mode we

realized 20 Ahr, thus indicating that the cell performs equally well in pulse as

well as in continuous mode.

We discharged a flat cell on a continuous current of 100A at 25 0 C.

In this case we monitored the cell wall temperature, the cell internal pressure,

along with the cell voltage. Since, the discharge was done through a variable

resistor, the cell current war not controlled very precisely and therefore, we

monitored the cell current as well. The results are shown in Figure 124. The

cell voltage was above 3.0 volt during most of its operation. The cell ran

for 8.5 minutes to a voltage of 2.7 volt, corresponding to a capacity of 13.6 Ahr.

The cell internal pressure began to increase after one minute into the test and

reached 280 PSI after 6 minutes. The cell vented after 8.5 minutes. The high

rate performance of the cell was found to be excpetional. The cell venting is

intrinsically preventable by proper cell cooling.

We short circuited several flat cells using the short circuiting

device described in the experimental section. In one experiment we shorted the

cell in short duration installments in order to measure the short circuit current

II
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without allowing the cell to vent. The current and voltage profiles on the first

shorting pulse are shown in Figure 125. The cell delivered a short circuit current

of 1, 700A at a cell voltage of 0. 8V. This corresponds to a power output of 1.36

KW. The short circuit current remained virtually constant at around 1, 500A for

the duration of the short which was 0.12 second. The cell voltage remained con-

stand at approximately 0.8 volt. It is interesting to note that the above short

circuit characteristics of the cell represents a power desnity of approximately
32.7 KW/lb or 0.21 KW/in . This is the highest power density capability of any

primary or reserve cell known today. The temperature rise during this pulse
was found to be rather modest. The cell is capable of delivering the above pulse

power every half and hour without any cell heating or venting.

We repeated the shorting tests several times over several days,

and we found that the cell consistently delivered short circuit currents in excess

of 1,500A at a cell voltage of 1.0 volt. The internal impedance of the cell

turned out to be 0. 17 milliohm, which is the lowest ever achieved in lithium

batteries to date. This is truly a super high rate cell.

On continuous shorting lasting for about a second, the cell vented.
There was no rupture of the can, it only bulged. A photograph showing a fresh

and a shorted cell is shiown in Figure 126. It appears that the high rate design

of the cell also imparts additional safety in that the super high rate flat cells

do not explode on eigher shorting or forced-discharge.

Several flat cells were force discharged at a constant current of

3A to ioltage reversal for a period of from 20-30 hours after the regular discharge

on the GLLD loads. None of the cells tested showed any undersirable behavior on

this type of abuse. There was no cell venting or explosion. A typical voltage

and temperature profile on reversal at 3.OA are shown in Figure 127. Note that

the cell temperature became constant after the initial rise to 380C. The cell

voltage clamped itself at zero volt within one hour of reversal and remained there

for 20-30 hours. Again, the voltage clamping mechanism was found to be operable

in those flat cells thus making these safe on forced discharge.



54.

We have been particularly concerned with the safety of the

flat cell during voltage reversal, especially during overdischarge on the GLLD

test. We used a 12V automobile battery to drive a flat cell into reversal on the

GLID test. A flat cell was discharged and driven into reversal on the modified

GLLD test using two bursts every three minutes, delivering 16.3 Ahr to 2.SV.

The behavior of the cell on voltage reversal is shown in Figure 128. The voltage

at 3.2 A stays near OV while the 20A voltage bevores more negative before the

cell vents at -3.25V after l .4 hours into reversal. The cell temperature peaked

at 75°C during the first hour of reversal and then declined to -60'C when

venting occurred. This venting occurred through a hole in the can which developed
opposite the G/M seal and centerpost.

We further investigated the safety of the flat cylindrical cell during

GILD voltage reversal. It has been established that a proper excess of lithium

in the cell will greatly enhance the safety of the cell during voltage reversal.

Figures 129 and 130 showed the voltage-time curves of two flat cells (each

originally contained 25 Ahrs of lithium) Both cells vented through the G/M

seal with pressures exceeding 170 psig during voltage reversal on the new GLLD

load. The voltage was near 0.OV at 3.2 and -0.75V at 20A when venting occurred.

During reversal a vented can showed a 0.2 inch increase in can thickness due to

buldging.

Three other cells originally containing 25-27 Mrs of lithium did

not vent during GLLD voltage reversal tests. The results are shown in Figures 131

- 133. They all show the characteristic voltage clamping of the flat cell during

reversal. Cell temperatures peaked at -65 0 C and then equilibrated atA- 30 0 C.

Cell pressures were found to go as high as 125 psig under voltage reversal and

decrease to the 20-30 psig range.

The voltage reversal test was also carried out using a cell with a

large excess of lithium (41 Ahrs) and the result is shown in Figure 134. The cell

was driven deep into voltage reversal and only a very temporary and modest

pressure build-up and temperature increase were recorded. Voltage was found

to be clamped at 0.OV at 3.2A and -0.25V at 20A, respectively, for up to 17
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hours. The large excess of lithium seemed to insure a safe, uneventful voltage

reversal over an indefinite period.

Two more flat cells were also driven into reversal at the GLLD rate,

as shown in Figures 135 and 136. Both of these cells passed through a tempera-

ture maximum about 1 hour into reversal with a pressure maximum near 215 psi.

In both of these cells the voltages in reversal stabilized near -0.2V at 20A and

0.0V at 3.2A. The cells continued in reversal with no evidence of venting for

16 and 40 hours respectively before the tests were terminated. The cells appear

to form an internal short circuit by electrodeposited Li in the cathode. This

process results in the cell showing an OCV of 0.0 and a very low resistance. With

the voltage thus clamped and internal heating negated the cell can run in reversal

for an indefinite period of time. Both of these cells contained some 45 Ahr of

lithium, a substantial amount in excess of the cell capacity for SOC .
4 2

We also drove a flat cell into reversal at a steady current of 20A,

after it was discharged on the GLLD test, as shown in Figure 137. During the

reversal voltage clamped near -0.3V as temperature rose to 68"C in the course
of the 35 minute cell reversal at 20A. Once more the lithium excess design

(32 Ahr) prevented cell venting or explosion during" the voltage reversal.

(ii) Stored Cells

A flat cell was discharged on the GLLD test at room temperature

after three days of room temperature storage as shown in Figure 138. This cell

delivered 16 Ahr to a 2.5V cutoff and 19.8 Ahr to 2V. There is an apparent plateau

near the end of the cell's diacharge. Another flat cell was tested on the GLLD

duty cycle after one week of storage at room temperature as shown in Figure 139.

This cell gave 14.2 Ahr to 2.5V and 16.1 Ahr to 2.OV with the apparent plateau

in cell voltage at 20A occurring somewhat earlier. A third flat cell was stored

for one week after filling and then discharged on the GLLD rate at room temperature

as shown in Figure 140. This cell delivered 20.8Ahr to a 2.5V cutoff and showed

no evidence of any voltage plateau at 20A. This cell was then driven into

voltage reversal at the conclusion of the GLLD test. After 4 hours in reversal the

cell vented. We continued storage of flat cells at room temperature and found

that the behavior of this cell was exceptional.
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Cells were stored at room temperature for 2, 3 and 6 weeks,

then discharged on the GLLD test as shown in Figures 141, 142 and 143

respectively. fn each case a decreased cell capacity was observed with the cells

giving 11.4, 14.2 and 16.3 Ahr to 2.5V, respectively. The capacity decline is

clearly not a simple function of storage time as indicated by Figure 144. Cap-

acities to a 2.OV cutoff were much more reporducible at 16.8, 17.5 and 17.5 Ahr,

indicating the storage phenomenon is more of a decline in rate performance of the

cell than a loss in coulombic capacity per se.

We have further explored the performance of these cells on stor-

age by discharging on GLLD test at 0°C a cell which had been stored at room

temperature for three weeks. This cell delivered 7.8 Mr to 2.5V and 12.8 Ahr

to 2. 0V as shown in Figure 145 with the lower voltage plateau at 20A being

quite marked. We stored another flat cell for two days at 501C and then two days

at 721C to simulate abusive storage, we discharged the cell on the GLLD test

regime at room temperature. During storage there was no can bulging, while

pressure inside the cell never exceeded 50 psi. The cell capacity, as shown

in Figure '6, was 16.8 Ahr to 2.5V and 18.5 Ahr to 2.OV. The cell shows no

greater deterioration in performance on high temperature storage. The cell

required less than 15 minutes to reach load voltage of 2.5 at 20A. Internal

pressure and wall temperature were monitored during the discharge. Note,

that the cell internal pressure rose very rapidly towards the end of the discharge,

remaining below 100 psi up to the 2.0 volt cutoff point.

We stored a flat cell with cathode additive 1 for two days at

72 0 C and 3-1/2 days at room temperature. This cell gave a capacity of 10.5

Ahr to 2.5V on the GLLD test and 14.7 Ahr to 2.OV as shown in Figure 147.

While the use of cathode additives gave improved performance in the D cell on

the GILD test, the flat cell is not cathode limited in the sense of the D cell

design, and no performance improvement was expected. The lower voltage

plateaus were quite apparent in this cell.
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We constructed a flat cell in which the cathodes were scrupulously

dried in a vacuum oven. This cell was stored for 1 day at 72°C and 3-1/2 days

at 250C before being discharged on the GLLD test. This cell delivered 14.6 Ahr

to 2.5V and 17.8 Ahr to 2.OV as shown in Figure 148. The loss of rate performance

vis-a-vis a fresh cell shows that the possible water contamination is not the

source for flat cell rate deterioration on storage.

We stored a flat cell for three weeks at room temperature and then

*discharged the cell at an elevated temperature of 480C as shown in Figure 149.

This cell demonstrated quite good performance, delivering 19.9 Ahr to 2.5V and

over 21 Ahr to 2.OV on the new GLLD test. The cell temperature rose to 55°C

during the course of the test, while capacity was equal to that of a fresh cell.

A number of cells were placed on abusive storage at 72C.

These cells were then tested at room temperature on GLLD dury cycles. Once

again, they all showed a decrease in capacity to 2.5V and an increased capacity

bewteen 2. 5V and 2. OV when compared to the performance of the fresh cells.

Figure 150 zhows a voltage-time curve of a cell stored at 720C for 2-1/2 days.
It delivered 8.5 Ahrs to 2.5 and 14.6 Mrs to 2.0V. Once again, a voltage

"tail" similar to the one observed in fresh tests is present at the 20A rate. The

temperature of this cell reached 500C during discharge which is 100C higher than

what we observed with a fresh cell (Figure 115).

Three other cells stored at 720C for 5 days were found to deliver

7.4, 6.2 and 9.9 Ahrs, respectively, to a 2.5Vrcutoff voltage (Figures 151 - 153).

These cells were also capable of delivering large capacities between 2.5 to 2.OV

with apparent voltage tails. The capacities of these cells to 0 V is almost the

same as that of a fresh cell. This indicates that the coulombic capacity remained

unchanged after abusive storate at 720C.

At this point it is clear that there exists a problem with the 3 inch

diameter flat cylindrical cell in that the rate performance of the cell appears to

drop significantly on storage. The extend of this decline is not a simple function

of temperature, nor is cell performance degraded to the level of the D cell.
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We have determined that water in the electrolyte or in the porous cathode matrix

is not the cause of the problem. More research and development efforts should

be invested in this aspect of the flat cell program in the future.

(iii) Multicell Tests

The performance of battery packages containing multiples of flat

cylindrical cells on the new GLLD test load has been determined. A battery

consisting of three series connected flat cells was assembled to simulate the two

three cell stacks used in the eight cell GLLD battery as shown shcematically

in Figure 118. The temperature of the center cell and the internal pressure of the

top cell were monitored during discharge on the new GLLD cycle. This battery

delivered 54 pulses on the 3.2A and 20A cycles before the malfunction of our

test equipment took place. Instead of the 3.2A and 20A pulse, the test equipment

provided I . 5A and 16A pulses. The test continued on these cycles and the battery

delivered an additional 326 pulses above 7.5 volt. This corresponds to a capacity

of 21.7 Ahr above the cutoff voltage of 7.5V which is very impressive. The

middle cell ran at about 30 0 C during most of the normal discharge. It rose to a

macimum of 75*C towards the end of the discharge. The internal pressure of the

cell stayed below 50 psi during the normal discharge period and increased to 145

psi at the end of the test without venting. These results are also Illustrated in

Figure 154.

An eight cell GLLD battery was assembled and tested on the new

GLLD test cycle. The battery initially delivered 15 pulses before the leakage

of one of the cells was detected. The leaky cellwas located and removed from

the package and the test was resumed as a seven cell battery. This battery

provided an additional 88 pulses above the cutoff voltage of 17.5 volt delivering

a total capacity of 13.4 Ahr. The cell temperature kept on rising to 80°C without

ever equilibrating. Four cells vented at the end of the discharge. The results

are also shown graphically in Figures 155 and 156. The performance of this battery

is quite unsatisfactory.

.- . ," . , : . & . . .. ,. ' ..-- ,; .,-... , -
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A second GLLD battery containing 8 series connected flat cylin-

drical cells was assembled and tested at 250C. The performance characteristics

of this battery on the new GLLD duty cycle were determined and the results

are shown in Figure 157. The battery delivered 255 pulses corresponding to 18.1

Ahr in capacity above the 20V cutoff. On the 256th pulse, one cell vented which

led to the termination of the test. The wall temperature of the middle cell in

the center stack of the package remained at about 550C during the entire

normal discharge period. The behavior of this GLLD battery demonstrated the

superiority of the 8 flat cell design over the 16 D cell design for the GLLD Laser

Designator application.

D. Conclusions

The performance and safety characteristics of the 3 inch diameter, 0.9

inch thick flat cylindrical cell have been further improved specifically for high
rate applications. Cathode additives and anode thickness did not appear as

major influencing factors. A design using 36 disc cathodes was adopted in

the final version because it provided the longest service life during our tests.

Anode contacts have been Improved to ensure proper electrical connection

to the negative terminal of the cell throughout the entire discharge period. About

100 flat cells have been assembled for characterization and delivery to the sponsor.

The delivery has been made in the form of five 8 cell GLLD batteries.

The optimized flat cell can deliver up to 21 Ahr on the GLLD duty cycle

when tested as a single cell. At 0 and -30'C, the cell can still provide

11.4 and 7.1 Ahr to a 2.5 volt cutoff, respectively. At 100A constant current

discharge, the cell runs at above 2 .7 volt for over 8 minutes. Its short circuit

Is approximately 1, 500A. These are quite impressive results demon,'trating the

superiority of this flat cell design over other existing systems.

The low pressure vent incorporated into the structure works very reliably

under extreme abusive conditions such as force discharge and short circuiting.

Upon being driven into voltage reversal, the cells do not necessarily vent.
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- 1A lithium excess design has been developed to prevent cell venting on voltage

reversal either on the GLLD load or at constant current.

The entire eight cell (connected in series) GLLD battery behaves

satisfactorily. It is capable of delivering approximately 19 Ahr on the GLLD

Atest cycle. The temperature of the cells never exceeds 35 0 C during most of the

discharge process.

The retention of rate capability after storage over any period of time does

present a major problem. The capacity retention after storage, however, is

excellent. Water contamination has been ruled out as the possible source

causing this problem. More efforts should be addressed to this effect in the

follow-on work.

*In summary, we have successfully designed and constructed a super high

rate Li/SOC12 cell whose performance has yet to be surpassed by ano other design.

It will become a more practical primary cell once the storage problem is resolved.
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V. Electrochemical and Spectroscopic Studies on the

SC12 Reduction Mechanism

A parallel research effort was made in this program to gain increased

understanding of the reduction mechanims of SOC1 with the hope that such infor-
2

mation will be useful in finding ways to improve the performance characteristics

as well as the abuse resistance of the Li/SOCl 2 system.

Calorimetric (12) and DTA studies (7, 11) of Lt/SOC12 D cells showed

that chemical reactions continue to occur liberating heat after the discharge of

the cell. Since these reactions do not occur in an undischarged cell, it is rea-

sonable to assume that the reduction products of SOC1 are responsible, at least
2

in part, for these spontaneous exothermal reactions. The reported spontaneous

explosions of partially discharged Li/SOCI2 cell on casual storage may also

be initiated by the above unknown reactions involving the SOC12 reduction

intermediates. Thus, knowledge regarding the nature of the unstable

intermediates of SOCI 2 reduction may be useful as a guide for the improvement

of the safety of the Li/SOCI 2 cells. We postulated (9, 13) the overall cell

reaction to be

SOC12 + 2 Li - SO + 2LiCl E1]

where SO may dimerize and then decompose to S and SO 2 or may form polymers.

There is substantial evidence (5, 14) in favor of c. stoichiometry [ I]. The

quantitative formation of LiCI and qualitative formation of S and SO 2 are known.

Very little has been known regardinq intermediate species formed duringthe re-

duction of SOC1 Attempts to use cyclic voltammetry (15, 16) in neat SOCI 2-

LiAlCl4 solutions to study the discharge reaction were complicated by electrode

passivation due to the precipitation of LiC1, insoluble in SOC1 We have

circumvented this electrode passivation problem by using a supporting electro-

lyte consisting of tetrabutylammontum hexafluorophosphate (N(C 4 H9 )4 PF6 ) in

orqanic solvents such as dimethyl formamide (DMF) acetonitrile (AN), methylene

Irotde and dimethyl sulfoxide since both tetrabutylammonium chloride and S
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are soluble in the solvents studied. We carried out both cyclic voltammetry and

coulometry in the above electrolytes to study the reduction of SOCI 2 . The

formation and evaluation of the intermediate species were examined using a number

of techniques, including high rate cyclic voltammetry and UV-VIS spectroscopy.

A. Experimental

Electrochemical experiments were performed using a PAR 173 potentiostat

and PAR 175 function generator with associated ancillary equipment. Pulse polaro-

grams were performed with a PAR 174A polarographic analyzer. The data were

collected using conventional x-y and strip chart recorders. The data for fast

sweep experiments were taken on a Tektronix model 5115 storage oscilloscope or

a PAR 4101 scan recorder. Platinum working electrodes were pretreated by

chromic acid followed by a wash with distilled water and air drying. Experimental

solutions were routinely degassed with argon before the substrates were added.

A silver chlroide coated silver wire was used as a reference electrode. This

electrode has a potential of 3.30V vs. Li in PF6 - DMF solutions.

The cyclic voltammetric experiments were performed in cells of conventional

design. The coulometric experiments were carried out in a two compartment H-cell

using a glass frit to prevent passage of material from the working and auxiliary

electrode compartments. A jacketed cell, as shown in Figure 158, was used

to study the reduction of SOCI 2 .

The organic solvents were either Burdick & Jackson "Distilled in Glass"

DMF, and CH2C12 or Eastman Spectro Grade acetonitrile or Aldrich "Gold Seal"

Dimethyl Sulfoxide. The supporting electrolyte was prepared by metathesis of

tetrabutylammonium chlroide (TBACI) and lithium hexafluorophosphate in acetone/

water and purified by multiple recrystallizations in hot ethanol.

B. Results and Discussion

a. Cyclic Voltammetry

The electrochemical characteristics of some of the impurities and proposed

reduction products of SOCI2 were examined by cyclic voltammetry in the organic

2F
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supporting electrolyte solutions. In particular, sulfur, sulfur monchloride,

and sulfur dioxide are materials of interest, while chloride ion is generally

accepted as a reduction product.

1. Chloride

A cyclic voltammogram on Pt electrode in TBAPF6 in AN is shown

in Figure 159 which demonstrates the clean background. A suitable chrloide

source was found in tetramethylammonium chlroide (TMAC1) which is both soluble

and ionized in acetonitrile solution. A cyclic voltammogram obtained with a

platinum wire electrode of a solution of TMACI and TBAPF 6 in AN is shown in

Figure 160. The oxidation of free chloride to chlorine and the associated reduc-

tion to chloride are clearly located about 1. lV positive of the reference potential.

2. Sulfur Dioxide

The electrochemical reduction of sulfur dioxide is itself of

considerable practical improtance and reasonably stable solutions of sulfur

dioxide in organic solvents are easily obtained. The reduction of SO 2 in DMF,

acetonitrile and methylene chloride has been examined. In acetonitrile, SO2 is

reduced in a diffusion controlled process at El/ 2 - 1 .15V vs. the silver reference

as shown in Figure 161. The :xidation wave with E near + 0.35V is much
p

diminished at lower sweep rates and represents the oxidation of a product of

the SO2 reduction, viz. $2542- according to the reaction

SO 2 + e - So 2'

2(SO2)- ) 20 [3.

Even at the relatively high sweep rate of IV/sec there is little evidence for any
other oxidation peaks corresponding to the oxidation of species such as SO 2

A similar voltammogram of SO 2 in dimethylformamide solution is shown in

Figure 162 under similar circumstances. Once more E1/2 is near -1 .15 V and

there is a kinetic oxidation wave due to SO reduction products, but there is also
2

a small wave near -0.13V which is due to a new product species. Finally, SO 2

was also examined in methylene chloride solution, where two oxidE tion peaks
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corresponding to the oxidation of SO and S20 are more apparent,
2 2 4

as shown in Figure 163. In general the initial reduction behavior of the SO
2

in organic solvents was quite consistent with the established mechanisms (20)

but the oxidation of the reduction products was substantially affected by the

solvent, probably due to varying degrees of saturation of the two reduced
2-

species, SO 2 and 2 04

3. Sulfur

The cyclic voltammetry of sulfur was examined in dimethyl-

formamide and methylene chloride because of the difficulty of dissolving sulfur

in acetonitrile. In both methylene chloride and DMF, the reduction of sulfur

is a rather complex phenomenon. The reduction of sulfur in CH Cl as shown
2 2

in Figure 164, consists of two successive reduction waves whose relative

heights are sweep rate dependent (as V increases the second wave becomes less

prominent) at ca. -1 .1V and -1 .5V with oxidation near -0.2V which is also

sweep rate dependent and becomes more prominent as the sweep rate increases.

Both of these reduction processes appear to be quite irreversible. The reduction

of sulfur in DMF, as shown in Figure 165 again consists of two irreversible,

but more widely spaced waves near -0.6V and -'..15V. The shape of this second

reduction wave is dependent on sweep rate. Finally there is an oxidation wave,

also irreversible at +0.25V. The species responsibel for this oxidation has

been shown by other voltammograms to be the product of the first reduction wave.

The height of this oxidation wave is also a function of the sweep rate and becomes

much more obvious at high sweep rates. In acetonitrile the cyclic voltammogram

for sulfur is somewhat similar to that for DMF, although the second wave is

much less well defined and the oxidation wave is near OV.

4. Mixture of Sulfur and Sulfur Dioxide

Since both S and SO are known to form in the cell, the cyclic

voltammogran of a mixture of S with trace amounts of SO 2 in TBAPF 6 . DMF

electrolyte was obtained, and, as shown in Figure 166 (a), it contained only

the two peaks corresponding to the reduction of S. Cyclic voltammograms of the

same solution with slightly higher concentrations of SO as shown in Figure 166 (b),
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contain three reduction peaks, the middle one represents the SO 2 reduction.

There was no noticeable interaction between S and SO 2 that could be detected

by the cyclic voltammetry.

5. Sulfur Monochloride

In contract to the other products examined, SCl showed a
2 2

complicated electrochemical behavior in organic solvents. As hown in Figure 167,
the voltammogram of S Cl in acetonitrile is dominated by an adsorption wave

22
near -1 .15V. This wave is followe±d by an apparently reversible reduction near
-1 .75V. On the return sweep we see peculiar behavior suggesting absoprtion of

S2C1 2 or its products on the electrode surface. At +I .IV we see the oxidation

of chloride generated during the reduction of S Cl
2 2

6. Thionyl Chloride

A cyclic voltammogram for 50tp SOC12 in approximately 75 ml

DMF with 0.1 M N(C 4 H9 ) 4PF6 at a platinum wire electrode is presented in
Figure 168 (a). The reduction of thionyl chloride shows two successive reduction

waves with El/2 at -0.20V for the first wave, (17) with a peak potential which is

sweep rate dependent, but near -0.37V, while the peak potential for the second

reduction is near -0.65V. In addition tothese reduction processes, there is an

irreversible and broad oxidation on the return sweep near 0.OV. This oxidation

wave is absent at lower sweep rates and more prominent at higher sweep rates

of 200 mV/sec or more. The small reduction wave near -1 .25V is present in the

background and presumably due to a trace Impurity in the DMF. Both of the re-

duction peaks due to thionyl chloride are due to diffusion controlled processes

as shown by the linear relationship of the peak cathodic current i and ITpc

where V is the sweep rate, as shown in Figure 169. Under similar circumstances

an adsorption controlled process would show i linear with V and a kinetic

controlled process is not a simple function of V (17).

This solution of DMF and thionyl chloride is sufficiently stable

! that an exhaustive electrolysis of the thionyl chloride can be performed at a

platinum foil electrode. It is somewhat difficult to get completely reporducible
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n values from coulometry because of the closely spaced second reduction wave,

but reduction at -0.25V gives an apparent n of 1 .71-1.9 e per SOCI . A cyclic

voltammogram of this reduced SOCI 2 solution is shown in Figure 168. This

reduced product is characterized by a reduction wave near -0. 63V with little

clear evidence for any oxidation processes. If this reduced solution is eigher

allowed to stand or is slightly warmed with a water bath, some thionyl chloride

is regenerated, as shown in Figure 168. If this material is then further reduced

at -0.25V, n is 2.04 or very nearly 2.0, while a shoulder appears near -0.9V.

A series of voltammograms for 10 mM SOCI2 in CH 3CN/O.1 N

TBAPF 6 are shown in Figure 170. In these voltammograms on a constant current

scale of 25.A/cm, the sweep rate, V, was varied from 0.20V/sec to 2.OV/sec.

As the sweep rate increases, the peak current increases, but an oxidation

process near 0.OV appears at 500 mV/sec and becomes more prominent at 1.0

and 2.OV/sec. The chemical entity which is being oxidized at this potential

is not present in the solution originally since there is no anodic current at this

potential until some of the thionyl chloride has been reduced. The sweep rate

dependence of this oxidation wave shows that tha species responsible for the

oxidation is reacting fairly rapidly in solution. The oxidation and coupled

reduction near + 1. OV is due to oxidation of chloride ion to chlorine. The

chloride itself is generated by reduction of thionyl chloride.

The effect of concentration of the SOC1 reduction has been
2

examined. Cyclic voltammograms of SOCI2 at various concentrations at a Pt

electrode are shown in Figure 171. For a given sweep rate of 500 mV/sec the

oxidation near 0.OV becomes less prominent as concentration increases. From

the sweep rate dependence of this oxidation, we can conclude that the species

responsible for this oxidation wave is reacting with thionyl chloride in

solution or with itself. Change in the reduction behavior was also noted as

the wave near -0.65V became less prominent and the one near -1.0V more

prominent as the concentration increased.

.. . .
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We have also examined the effect of substrate changes on the

thionyl chloride reduction. Ordinary graphite or porous carbon electrodes dis-

played too high a background current to usable in these experiments. We have,

however, examined the use of nickel, indium, gold, amalgamated gold,

copper and silver as electrode materials for observing the SOCI 2 reduction.

Cyclic voltammograms on nickel, iridium and gold electrodes were quite similar

to those observed with Pt as shown in Figure 172. The copper electrode showed

a very limited area of usable voltage while the results with silver electrode are

anomalous and reproduced in Figure 173.

We have continued our work on the thionyl chloride reduction in

DMF (and in AN) and the reduction appears to take place by the same mechanism.

The better separation of the two reduction waves in DMF makes it a more

attractive solvent for use in strictly electrochemical studies on this system.

Experiments in which sweep rate and concentration were systematically varied

in DMF/TBAPF 6 gave similar results for the reduction of SOCI 2 to those found in

acetonitrile. The second reduction wave remained more prominent in DMF,

suggesting that coordination with DMF was stabilizing the species responsible

for the reduction process.

To examine the formation of the intermediate species more closely

we also examined the reduction at higher sweep rates than usual, recording the

current/voltage trace on a storage oscilloscope. At sweep rates as high as

10OV/sec no qualitative change in the voltammogram could be observed. Except

for uncompensated iR losses the voltammogram was similar to those generated

at lower sweep rates. We were also able to use the storage oscilloscope with

multiple sweeps of the same voltage range to examine the relationships of the

two reduction waves and the oxidation near OV. Using this method we were

able to generate a "steady state" voltammogram of reduced thionyl chloride

species. This voltammogram showed that the first thionyl chloride reduction

wave was absent while the second reduction wave and the oxidation near OV

were still present. This result indicates that the oxidation near 0.0+ does

not regenerate thionyl chloride since the first reduction wave corresponding to

the reduction of SOCI 2 is absent and as such the reduction of thionyl chrloide is

irreversible.
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For further comparison we ran cyclic voltammograms in dimethyl-

sulfoxide (IDMSO), a solvent which is regarded as very good for reduced species

because of its ability to stabilize reactive materials by complexation. DMSO

is also known to have a rather low activity of residual water because of the

sulfoxide's coordinating ability. A cyclic voltammogram for SOCI 2 in DMSO/

TBAPF 6 is shown in Figure 174. The phttern of two successive reduction waves

and an oxidation near 0.OV are very similar to that observed in DMF. The

oxidation near 0.3V is quite prominent even at 0.05V/sec sweep rate, indicating

that the reaction species involved is greatly stabilized by the DMSO solvent.

The definition of the two reduction waves is very clear and there is little

evidence for the appearance of the third wave near -1. OV which we noted in

other solvents.

b. Coulometry

We have examined the coulometric reduction of SOCI 2 in DMF,

acetonitrile, and methylene chloride. In all three solvents we have observed

the regeneration of thionyl chloride by destruction of an intermediate species and

have confirmed the Faradaic current of 2 equivalents of charge for each equivalent

of SOCI 2 reduced. in particular, the reduction in acetonitrile is of interest

since the UV-VIS solvent cutoff of 190 nm gives a much better spectral window

than DMSO (268 nm), DMF (270 nm), or methylene chlroide (230 nm). We were

able to monitor the course of a coulometric reduction by using both cyclic

voltammetry and UV-VIS spectroscopy to monitor changes in the solution. For

comparative purposes, spectra of SO 2 and S in acetonitrile are reproduced in

Figures 175 and 176, respectively. The wave lengths of miximum absorbance,

279 nm for SO 2 and 277 for S are very similar to that of SOC12 , 277 nm as shown

in Figure 177, however, there is a second band in the spectrum near 234 nm

which is not present in the spectra of SO and S. In this particular experiment
2

10 I of SOCI 2 was used in 75 ml of CH 3CN to give a concentration of 1.82 mM

SOCI 2 in CH 3CN. This concentration was experimentally determined to be usable

for both cyclic voltammetry and UV-VIS spectroscopy. Changes in the cyclic

voltammograms and spectra as a function of charge passed are displayed in

Figures 178 and 179. As the electrolysis proceeds, the absorbance maximum

*1 -
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in the UV-VIS spectrum shifts from 277 to 291 nm corresponding to a lower energy.

The absorbance also increases gradually with the electrolysis and reaches a

maximum of 1.94 from 0.63. The absorbance then declines drastically to 0.79

at n = 1.76 (Figure 180). The absorption peak at 290 nm disappears on storing

the electrolyzed solution (n = 2) for one week at room temperature. At the same

time, the first reduction wave In the cyclic voltammogram is destroyed and the

second reduction wave becomes much more prominent. The UV-VIS spectra of

the solutions after the electrolysis did not show the presence of S or SO 2 .

When the solution was allowed to stand overnight the first wave became somewhat

more noticeable and some poorly defined waves at more negative potentials

also appeared. The final voltammograms showed two very poorly defined reduc-

tion waves with no SOCI 2 present, whilethe final spectra showed a substnatial

decline in absorbance.

c. Reduction Mechanism of SOC12 and Its Implications on Li/SC1 2
Cell Safety

The cyclic voltammograms of sulfur, sulfur dioxide and sulfur monochloride

and that of the reduced SOCI 2 solution lead to the conclusion that none of these

three materials are immediately formed after the reduction of SOCI2' The

coulometric data demonstrate an overall n value of 2.0 for the reduction of

thionyl chloride. Reductions for extended times have given green, air-sensitive

solutions possibly including polysulfides, but there is no evidence to suggest

that this reflects any process occurring in SOCI2 reduction since the cyclic

voltammograms show that no further unreduced SOCI 2 is present.

The spectroscopic evidence also shows that S and SO2 are not formed

during the reduction process itself. Instead a different species is formed with an

absorption band near 291 nm. This is confirmed by the cyclic voltammograms

which show only a slow formation of species reducing at potentials near those

for S and SO This intermediate species is reasonably stable and only slowly

decomposes to generate more SOCI 2 .

We can now present a reasonable reduction mechanism for SOCI 2 which
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gives the large waves in DMF and DMSO, there are two successive one electron

processes to generate SO by a net two electron transfer.

SOCI 2 + e - SOCI + C- + e- SO + 2 C1 [4]

For reactions such as this, it is not unusual for E for the second reduction

process to be positive of E of the first. Early in the reduction process SOCI 2
is present in large concentration compared to SO and reaction with SOC2

is favored.

SO + SOCl2  SO. SOCl 2  5

This species can slowly dissociate to regenerate SOCI As the electrolysis

progresses the concentration of SO increases compared to SOC1 as reaction2
with SO is favored (18).

SSO + SO (SO)n  [6]

The product (SO) is characterized by the absorbance near 291 nm and is reducedn

near --0.65V and the reduced product oxidized near + 0.3V while the SO.SOCI 2

product is oxidized near 0.OV as shown by the potential shift in this wave as

the electrolysis continues. This species (SO)n appears to be reasonably inert

kinetically and only slowly decomposes to S and SO 2 , perhaps by loss of SO 2

to form successively oxygen deficient polymers. Observations of delayed pressure

rise (19) and thermal activity (12) in discharged thionyl chloride cells are

quite consistent with this hypothesis.

Based on the above reaction mechanism is occurred to us that a lot of

the instability and sudden pressure build-up and explosions associated with

the discharged and force-discharge Li/SOCI2 batteries may be due to tb- rjrma-

tion of the kinetically stable but thermodynamically unstable intermediates such

as (SO)n . The decomposition of (SO)n to form SO 2 may be triggered by various

means such as shock, or local heating during a force-discharge, etc. and this

could lead to a rapid pressure build-up. This decomposition process may also
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produce sufficient heat to trigger the explosive Li + S reaction. Therefore, one

approach towards improved safety involves the use of a catalytic material in the

carbon cathode which will catalyze the decomposition of the unstable species

such as (SO) so that during cell discharge, the cell reaction will result in the
n

formation of stable reaction products S and SO 2 according to

4 Li+ 2SOCl12  - 4 LiCl + S + SO 2  [7]

In this manner the pressure build-up and the heat evolution (if any) during the

cell discharge will be gradual and predictable instead of being sudden and un-

predictable. Also, the addition of catalyst may prevent the formation of species

such as SO-SOCl and thus increase the efficiency of SOC1 reduction at high
2' 2

rates. The formation of SO-SOC12 does not affect the efficiency at low rates

as demonstrated earlier (10) where we discharged SOC12 with 98% efficiency

based on 2 electrons per mole of SOC 2 .

d. Conclusions

Experimental evidence obtained to date strongly suggests that there

are at least two intermediate species formed in the reduction of SOCI 2 in a

Li/SOCI cell to form LiCl, S and SO The formation of these species SO.
2 2 *

SOCI2 and (SO)n have been prostulated. The decomposition of these intermediates

are probably responsible for the delayed SO 2 generation and thermal activities

noted in discharge Li/SOC 2 cells.
2
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VI. Conclusions

The significant technical accomplishments we have achieved in this program

can be summarized as follows:

1. We have successfully improved the cathode current collector

design for a spirally wound D cell for high rate applications.

2. We have optimized the spirally wound D cell with excellent per-

formance characteristics and abuse resistance for both BA5590 and

GLLD Laser Designator applications.

3. We have designed, constructed and evaluated a Ciat .ylindrical

cell desi. n for supnr high rate applications.

4. W.e have further improved the performance and demonstrated the

safety featu:es of the flat cylindrical cell.

5. We have assembled and evaluated several GI.ID batteries using

both the 16 D cell and the 8 flat cell designs. The performance

and safety features of the multicell batteries have been established.

6. We have gained further understanding regarding the reduction

mechanism of SOCI 2 which may be useful in improving the per-

formance and the safety of the Li/SC12 cells even further.

'12
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TABLE 1

Short-Circuit Currents of Hermetic D Cells

With Various Cathode Designs

Maximum Short Circuit

Cu rrent

Current Density

No. Cathode Design-s (A) (mA/cm 2 )

1. j 20 i 24 53

2. 10" "76 168

3.
s 10 '5'" 94 208

42 58 128

5.. 5' 10o 5' - 98 217

6. 25 35 62

7.25' 65 115

8. 12-1/2''1 12-1/2 104 184

25"

I.- * -
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TABLE 2

Behavior of High Rate Li/SOC12 D Cells on GLLD Modified Duty Cycle

No. Cathode Designs Current (A) Number of Modified Cell Temperature
Duty Cycles Capacity (°C)

Above 2. 0 Volt (Ahr/cell)

2 2 0 6.5 16 5.2 25

8.0 11 4.4 25

6.5 0+ (11)* (3.6)* -30

20" 6.5 10 3.3 25

8 25" 80 4 1.6 25

725 6.5 10 3.3 25

48.0 7 2.8 25

6.5 12 3.9 25

8 j 6.5 8 (11)* (3.6)* -30

1 6.5 10 (13)* (4.2)* -30

6.5 16 5.2 25

8.75 11 4.8 25

9 6.5 16 5.2 25
6. 6 8 12 4.8 25

*Number of cycles before the cell entered voltage reversal.

+Cell voltage below 2 volt under load.

-' . ..... : . .. -I , aim-
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TABLE 3

Performance of High Rate Li/SOC12 D Cells on GLLD Tests
Using the Old Duty Cycle at 25 0 C

No. Cathode Configuration Above 2.5V on 17.5A Above 2.OV or 17.5A
Bursts Capacity (Ahr/cell) Bursts Capacity (Ahr/cell)

2 9 2.9 11 3.6
20"

7 17 5.5 17 5.5251-



79.

TABLE 4

Effect of Cathode Additive on the Performance of Li/SOCI 2 D Cells

For GLLD Laser Designator Application at 25 0 C

Additive Level Bursts* Capacity (Ahr/cell) Max. Cell
Temp/° C

1 A 19 6.1 40

B 14-21 4.5-6.8 40-55

2 A 16-19 (2V cutoff) 5.2-6.1 43-55

A B 17 5.5 38

C 22-23 (208-214 pulses 7.4-7.6 30-35
on the new load)

3 17-18 5.5-5.8 38-45

4 19 (2V cutoff) 6.1 --

5 16 5.2 --

* Old GLLD duty cycle 2.5 volt cutoff on 17.5A load unless otherwise

specified.

S-.-----.--.-----. .V . < .
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TABLE 5

Voltage Plateaus for the Optimized High Rate D Cells

Current (A) Voltage at

+25 0 C -30oC

0.3A 3.5V 3.lV

1.OA 3.30V 3.IV

3.OA 3.25V 2.9V

4.OA 3.2V --

10.OA 2.7V

AB
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TABLE 7 82.

Short-Circuit Currents of the Experimental Flat Cylindrical Cells

with Various Cathode Designs

Cathode
Current Collector Short Circuit Short Circuit

Design Current Current Densities

1. * 7.0 176

, 2. (10 mil) 8.0 201

3. (5 mil) 7.4 186

4. 8.6 216

6.2 156

9.2 231
.I {

. " _ 8. 221

S I ,7.2 18]
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Figure 84. Schematic drawing of the completed 1.8 inch diameter

cell top with fill port, vent and G/M feedthrough.
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Figure 89. Current collector designs for the 2.8 inch diameter disc cathodes.
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Figure 126. Photograph of a fresh and a shorted flat cell.
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Figure 171. Cyclic voltammograms of SOC1 2 in CH3CN/N(CH 9 )4PF6 at various
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(V 0.20 V/sec).

200

150 -

100
z

. 50-

0.8 0.6 0.4 0.2 0.2 0.6 0.8 1o 1.2 1.4 1.6

50 //VOLTAGE, VOLTS

50 -

100 -

500

400

300-

h200

ifr D

0

6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

VOLTAGE, VOLTS
100

200



258.

LO)

IA 0
00

w '
0- 0

e.0 0 a

r$4

0 zo u

0 w 0J 0tN .UJ 0

100

0 -z

M~ an

00

0 0

to

4c o

00
0'



259.

300

250 - Ag

200

150

100
z
W

50

* 100

Figure 173. Cyclic voltammogram of' SOC12 in CH3 CN/O.lN N(04H9 )PP6
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Figure 178. Cyclic voltammogram of 1.8 MM SOC12 in CH3CN/.LlN N(04H9)4PF6 264.
a) nmO.OO, b) nO2.300, c) n=.84&, d) n=1.33, e) n 1.76,
f) n =2.0 after one week stand.
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